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PEEFACE 

TO THE NINTH EDITION, 


Ik editing the present Revised Edition of Professor Jamieson’s 
‘•Applied Mechanics” — Vol. II., Strength of Materials — great 
care has been taken to preserve the treatment and method of 
presentation which have characterised Professor Jamiesons 
work, and have proved of great assistance to a very wide 
circle of readers. 

Additional subject-matter has been introduced, dealing prin- 
cipally with the behaviour of various materials under test, 
the Lam4 theory of thick cylinders, the Brinell test for hard- 
ness, and the properties of British Standard Sections. 

The opportunity has been taken in the revision of incor- 
porating in the normal place certain portions which previously 
appeared in Appendices. 

The most recent papers for the Associate Membership 
Examination of the Institution of Civil Engineers have been 
incorporated by the kind permission of the Council. 

22 Manor Way. EWART S. ANDREWS, 

Bkokknuam. Kxnt 

September^ 1918. 

Beprinkd 1922, 1928, 1946. 
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2 Put the date of the Exercises at the left-hand top comer; your Name 
and Address in full, the name of the Subject or Section, as well as number 
of Lecture or Exercise, in the centre of the first page. The number of 
each page should be put in the right-hand top comer. 

3. Leave a margin inches wide on the left-hand side of each page, 
and in this margin place the number of the question andnothing more» Also, 
leave a clear space of at least 2 inches deep between your answers. 

4. Be sore you understand exactly what the question requires you to 
answer, then give all it requires, but no more. If unable to fully answer any 
question, write down your own best attempt and state your difficulties. 

5. Make your answers concise, clear, and exact, and always accompany 
them, if possible, by an tUusitraiive sketch. Try to give (1) Side View, 
(2) Plan, (3) End View. Where asked, or advisable, give Sections, or Half 
Outside Views and Half-Sections for (1), (2), and (3). 

6. Make all sketches large, open, and in the centre of the page. Do not 
crowd any writing about them. Simply print sizes and index letters (ox 
names of parts), with a bold Sub-heading of what each figure or set of 
figures represent. 

7. The character of the sketches will be carefully considered in awarding 
marks to Uie several answers. Neat sketches and ** index letters,** having 
the first letter of the name of the part, will always receive more marks 
than a bare written description. 

8. Reasonable and easily intelligible contractions (e.y., mathematical, 
meohanioal or electrical, and chemical symbols) afe permitted. 
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EECHANICAL ENGINEERING SYMBOLS, ABBREVIATIONS, 
AND INDEX LETTERS 

QSED IN VOLUMES L TO V. 

Of Professor Jamiesov’s “Applied Mechanics.® 


Prefatory Note. — It is very tantalising, as well as a great 
inconvenience to Students and Engineers, to find so many 
different symbol letters and terms used for denoting one and 
the same thing by various writers on mechanics. It is a pity, 
that British Civil and Mechanical Engineers have not as yet 
standardised their symbols and nomenclature as Chemists and 
Electrical Engineers have done. The Committee on Notation 
of the Chamber of Delegates to the International Electrical 
Congress, which met at Chicago in 1893, recommended a set 
of “Symbols for Physical Quantities and Abbreviations for 
Units,’’ which have ever since been (almost) universally adopted 
throughout the world by Electricians. This at once enables 
the results of certain new or corroborative investigations and 
formulae, which may have been made and printed anywhere, 
to be clearly understood anywhere else, without having to 
specially interpret the precise meaning of each symbol letter. 

In the following list of symbols, abbreviations and index 
letters, the first letter of the chief noun or most important 
word has been used to indicate the same. Where it appeared 
necessary, the first letter or letters of the adjectival substantive 
or qualifying words have been added, either as a following or 
as a subscript or suffix letter or letters. For certain specific 
quantities, ratios, coefficients and angles, small Greek letters 
have been used, and I have added to this list the complete 
Greek alphabet, since it may be refreshing to the memory of 
some to again .see and read the names of these letters, which 
were no doubt quite familiar to them when at school. 

•These “ Symbols for Physical Quantities and Abbreviations for Units" 
will be found pointed in full in the form of a table at the commencement 
of Munro and Jamieson’s Pocket-Book of Electrical Rules and Tables, If 
a similar recommendation were authorised by a committee composed of 
delegates from the chief Engineering Institutions, it would be gladly 
adopted by “The Profession” in the same way that the present work of 
“ The Engineering Standards Committee ” is being accepted 
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Table of NfsoHANioAL Engineering Quantities, Symboi^, Units 

AND THEIR ABBREVIATIONS. 

{As used in Vols. t. and II. of Pro). Jamieson^s Applied Mechanics.*') 


Quantities, 

Symbols. 

Fundamental. 

Length, . 

LJ 

Mass, 

Mt m 

Time, 

T,t 

Geometric. 


Surface, . 

Sf 8 

Volume, 

V 

Angle, 

{?;) 

Mechanical. 


Velocity, 

V 

Angular velocity, . 

Ul 

Acceleration, . 


Force, . . . ^ 


1 

W,w 

Pressure (per unit 1 
area), j 

Work, . 

Potential energy, . 

P 

{Wh) 

hj p 

Kinetic energy. 

Ek 

Power or activity, . 


Moment of inertia, . 

1 

Density, . 

p 


Defining 

Equationa. 


Practical Unita. 


( Yard, . 
j Foot, . 

( Inch, . 

Pound, . 
l Second, 

< Minute, 
f Hour, . 

( Square foot, . 

Square inch, . 
f Cubic foot, . 
\ Cubic inch, . 

{ Degree, 
Minute, 
Second, 

Radian = 


Foot per second, . 

[ Revs, per second, . r.p. 

Revs, per minute, r.p. 

' Radians per second,! w 

Footperseo. persec. 

, Pound weight l ,, 
(gravitational > , * , 
' unit), ) 

f Poundal (absolute! i* 

[ unit), / 

Pound per sq. inch, lb. c 

Foot-pound,. . ft.-l 
Foot-pound, . . ft.-l 

Foot-pound, , .ft.-l 


! Horse power, 

Ft. -lb. per min., . 
Ft. -lb. per sec., . 

I Pound per ob. ft. , . 
Pound per cb. in.,. 


H.P. 

ft.-lb./ra. 

ft.-lb./s. 

lb..£t.a 

lb. 

It? 

lb. 
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OTHEB SYMBOLS AND ABBREVIATIONS IN VOLS. I. AND IL 


A for 
B,6 
^ »» 
o.g. „ 
D.d 

e » 

II 

S| ^ II 

H.P.,h.p. „ 
B.H.K 
E.H.P, 
LH.P. 


^ II 


N.1 


PiQ 

R,R, 


SF 

TM 

TR 

BM 

MR 

RM 

T^,T, 


^Li Wt, Wu „ 


Areas. 

Breadths. 

Constants, ratios. 

Centre of gravity. 
Diameters depths, de- 
flections. 

Drivers in gearing. 
Modulus of elasticity. 
Velocity ratio in wlieel 
gearing. 

Followers in gearing. 
Forces of shear and 
tension. 

Heights, heads. 
Horse-power. 

Brake horse-power. 
Effective „ 

Indicated „ 

{ Radius of ^ration, or, 
Goef. of discharge in 
hydraulics. 

Numbers — e.p., num- 
ber of revs, per min. , 
number of teeth, Ac. 
Push or pull forces. 
Reactions, resultants, 
radii, resistances. 

t Seconds, space, sur- 
face. 

Displacement, dis • 
tance. 

Shearing force. 
Torsional moment. 
Torsional resistance. 
Bending moment. 
Moment of resistance. 
Resisting moment. 
Tensions on driving 
and slack sides of 
belts or ropes, Ac. 
Lost, total, and useful 
work. 


X, y, z for Unknown quantities. 

Z ,, Modulus of section. 

Zt ,, ,, tension. 

Z« „ ,, compression. 


A, d for Differential signs which are 
prefixed to another letter; 
then the two together re- 
present a very small 
quantity. 

«, e „ Rraresents base of Naperian 
Logs =2*7182; for example, 
log.3 = 1*1. 

n ,, Efficiency. 

X „ Length ratio of ship to model 

/4 ,, Coemcient of friction. 

» „ Circumference of a circle -r its 
diameter. 

/» „ Radius of curvature, radian. 


Z for Symbol for sum total of a 
number of quantities. 
f* „ Sign of integration or sum- 
* mation between limits 0 
and X. 

„ Sign for the difference be- 
tween two quantities. 

D „ Sign for square— e. fir., 10 d"=s 

10 square inches. 

— „ Sign over two letters, PQ, 
for a force acting from P 
to->Q, means that they 
represent a vector quantity, 
which has (1) magnitude, 
(2) direction, (3) sense. 

^ „ Sign for equal to or greater 
^an. 

^ ,, Sign for equal to or less than. 
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A 

a 

Alpha. 

I 


B 

ft 

Beta. 

K 

K 

r 

y 

Gamma. 

A 

\ 

A 

i 

Delta. 

M 


E 

« 

Epsilon. 

N 

V 

Z 

1 

Zeta. 

S 

£ 

H 

n 

Eta. 

0 

o 

0 

$ 

Theta. 

n 

W 


LPHABET. 


lota. 

P 

P 

Rilo. 

Kappa. 

Lambda 

Z 

T 

<r or 

T 

V Sigma. 
Tau. 

Mu 

Y 

u 

Upsilon. 

Nu 



Phi. 

Xi. 

X 

X 

Chi. 

Omicron. 

'F 


Psi. 

PI 

U 

w 

Omdga, 



VOLUME II. 


ON 

STRENGTH OF MATERIALS. — STRESS, STRAIN, 
ELASTICITY, FACTORS OF SAFETY, RESILIENCE, 
CYLINDERS, CHAINS, SHAFTS, BEAMS, AND 
GIRDERS. 


LECTURE I. 

Contents. — Stress — Definition of Intensity of Stress — Relation between 
Normal and Tani;ential Stresses — Strain — Coetfieient or Young’s 
Modulus of Elasticity— Limit of Elasticity — Shear Stress — Poisson’s 
Ratio — Ultimate Stress and Factor of Safety — Work done in Stretch- 
ing a Bar — Resilience — Sudden Pull or Live Load — Shrunk Rings — 
Strength of Thin Cylinders — Helical Seams — Strength of Chains — The 
Behaviour of V^arioua Materials under Test — Questions. 

Stress. — When a piece of material is subjected to the action of 
external forces they tend to cause the material to change its 
shape or form. The particular way in which tlie change takes 
place depends upon the manner in which the load is applied. 
This tendency gives rise to certain forces within the material 
which offer resistance to the change. These internal forces are 
generally called stresses; but the term Stress which we have now 
to consider has a somewhat more definite meaning. By the 
principle of the equality of action and reaction, we know that so 
long as no rupture of the material takes place, the algebraic sum 
of the components of the internal forces in the direction of the 
load at any section of the material must be equal to the load. 
This principle enables us to express the internal in terms of the 
external forces. It is a fundamental fact that, for a given load, 
the amount of resistance to be contributed by each individual 
fibre or part composing a section will be less or greater, accord- 
ing as the number of such fibres or parts is greater or less ; or as 
we usually regard it, according as there is more or less area of 
section. This introduces us to the conception of distributed 
force, and paves the way towards gaining definite and clear ideas 
regarding the strength of materials. 

Definition. —Intensity of stress is the resistance or reaction 
to strain per unit area of section. For brevity it is usually caUed 
the Stress. Stresses may be of three different kinds, depending 
on the direction of the applied force with reference to the section 
on which the stress is estimated. 

(1) If the applied force is normal or at right angb*s to the 
section, and acting away from it, the stress is called tensile, 

2 1 
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LECTURE 1. 


(2) If acting towards the section, the stress is termed compressim 

(3) If the direction of the applied force be paralld to the 
section, then the stress is named a shearing stress. 

It is evident that if the applied force be acting in a direction 
inclined to the given section, it will cause both a shearing and a 
direct stress, the latter being tensile or compressive, according 
as the force is directed away from or 
towards the section. 

When the applied force acts in such a 
way that we know that its effect is uni- 
formily distributed over the section we are 
considering, then we estimate the stresses 
as follows : — 

Let Pn = The applied load (or its com- 
ponent) acting normally to the 
section in lbs. or tons. 

„ A = The area of the section (usually 
in square inches). 

„ y = The direct stress, which maybe 
either tensile or compressive. 

„ Pe = The applied load (or its com- 
ponent) acting tangentially 
to the section in lbs. or tons. 

The shearing stress. 



if /b 

Tnen, 

And, 


/ - 
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A ' 

P. 

A ■ 


Illustrating Normal 

AND TaNOKNTIAL 

Stresses. 


(I) 


Relation between Normal and Tangential Stresses. — Let 
ahcd be the section of a bar normal to the direction of the 
applied force P, and e fgh another section making an angle 
with the direction of P ; and let the area of a 6 c (i be A square 
inches. 

Thus, the stress on a & c is : — 

But, on the area e fg h, we have a normal force ; — 

Pn *= P sin tf. 

And a tangential force : — 

Pf « P cos a 

area ahcd A 
sin ^ sin i 


Now, the area efgh 
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and fx be the normal and tangential stresses on the section 

We have: — ^ . sin* ^ =* / . sin* I. 

sin d 

Similarly, we get: — = j . sin 0 . cos 

Strain. — When a piece of material, such as a bar of iron, is in 
tension or compression under the action of an applied force P, 
the bar will, in consequence, be lengthened or shortened by an 
amount (It'pending on the extent to which it is loaded. The raiy^ 
which this chantje of length bears to the original length of the 
bar is called the longitudinal strain due to P. Or in symbols,— 

If, L Original length of bar in inches. 

And, I Change of length of bar also in inches. 

We have : — Strain = ^ (II) 

Since L and I are both actual lengths, mea.sured by soon/ 
common unit, the student should carefully note that strain, as 
thus defined, is merely an abstract ratiOy and not a quantity, for 
it is independent of the units employed. 

Example I. — A tie-rod, 100 ft. long, is stretched | of an inch 
by the action of a certain force ; what is the strain ? 

Here, L = 100 x 12 = 1,200 inches, 

And, I =* 0-75 inch. 

strain - = 0-000625, 

Coefficient, or Modulus of Elasticity. — Experiment has demon- 
strated that for most materials used in engineering there is 
a very simple law connecting stress and strain, which is fairly 
well defin^ within certain limits. The stress is proportional 
to the strain, so long as the stress does not exceed a certain 
value, which, of course, is different for different materials and 
for different qualities of the same material. For example, 
if the stress be doubled, the strain will be doubled, or if the 
stress be reduced to one-half, the strain will also be halved, and 
so on. The limit beyond which this law does not hold is termed 
the I^it of Elasticity. When this limit is exceeded, the strain 
increases at a much greater rate than the stress producing it. 
Within the limit of elasti.5ity, the material returns to its 
original state when the -oad is removed ; but when stressed 
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beyond this, the material does not do so, but retains a permanent 
set. In the following investigations the stress, in all cases, is 
assamed to be within the elastic limit : — 

Consequently, = E (a constant) (HI) 

This £ is termed Young’s Modulus of Elasticity, or more appro- 
priately by some writers the Coefficient of Elasticity. 

Another way of exhibiting the relation subsisting among the 
various quantities we have been discussing, is to combine equa- 
tions (I), (II), and (III) in such a way, as to express the stress 
and strain in terms of loads and dimensions. 


Thus, 

Or, 



PL = A/E. 


(IV) 


Shear Strain and Stress. — Shear strain is the name given to the 
sliding movement of one layer of material over its neighbour, 
and the molecular force resisting this movement is called shear 
stress. If two plates be connected by a rivet and be pulled 
longitudinally, the rivet tends to be sheared through and is 
subjected to shear stress ; when a shaft is subjected to torsion 
(see p. 94), one section turns angularly slightly with respect to 
its neighbour, and therefore becomes subjected to shear stress. 

Shear or Rigidity Modulus. — In the case of shear stress we 
have also for elastic materials a constant proportion of stress to 
strain ; the constant quantity is called the shear or rigidity 
modulus, and is defined in symbols by tlie relation— 

Rigidity modulus = 0 = 

sliear strain 


According to one theory of elasticity, C is about f E, and in 
practice it does not differ greatly from this. 

Poisson’s Ratio. — When a metal is stretched, it contracts 
laterally, and when compressed it ex}>ands laterally. The ratio 

is called Poisson's ratio, and is about 4 for 
longitudinal strain ^ 

most materials. 

Ultimate Strength. — The ultimate strength of a material is tlie 
intensity of stress which produces rupture. It is usually r(*ekoned 
as so many lbs. or tons per square inch of the section of the 
material. It is always understood that the section taken is the 
original section of the bar, and not that at the instant and point 
of fracture. 

Working Stress. — The working stress on a member of any struc- 
ture is the maximum stress to which it is subjected in actual 
practice. 
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Factors ot Safety. — The ratio of the ultimate strength or 
limiting stress to the safe working stress is termed the factor of 
safety of the material. To determine the proper value of the 
“factor of safety,” a number of considerations must be taken 
into account. A great deal depends on the quality of the 
materials and upon the manner in which different structures 
are stressed, such as the action and frequency of the working 
load. 

Ist. The load may be a constant dead load — Le,^ one which is 
steady and produces no appreciable vibration. 

2nd. The load may be a live load, such as a regiment of 
walking soldiers, or a rolling load, in the case of a moving 
railway train, passing over a bridge. 

3rd. Where the quality of materials is variable or liable to 
change, the factor of safety must be larger, than for more uniform 
materials and for those which are less affected by exposure to 
atmospheric and other deteriorating influences. 

4th. In structures where the whole load cannot be ascertained 
with accuracy, the factor of safety must be increased, to allow 
for the unknown stressing actions, such as impact due to passing 
trains on railway bridges, 

5th. In some structures, there is a liability to a sudden increase 
in the working load. Thus, in the case of a crane, where the 
weight may be allowed to descend rapidly and then be suddenly 
stopped, the maximum stress may be very much greater, than 
that due to the statical weight. 

It is, therefore, necessary, that these special stresses be duly 
allowed for in the “factor of safety.” 


Table of Ultimate Strength and Working Stress of Mate- 
rials WHEN IN Tension, Compression, and Shearing. 


Materials. 

Ultimate Strength. 

Tons per sq. inch. 

Working Streu. 

Toni per iq. inch. 

Ten* 

Sion. 

Com- 

presfioD. 

Shear- 

ing. 

Ten- 

sion. 

Com- 

pression. 

Shear- 

ing. 

< ast iron, . 

7*5 

45 

14 

1*5 

9 

3 

1 

1 

JS. 

u 

o 

20-25 

20 

20 

5 

35 

4 

Steel bars, . 

46* 

70 

30 

9 

9 

5 

Copper bolts, 

15 

25 

... 

3 

5 

... 

brass sheet, 

14 

... 


3 

... 



* 'riiis is an average strength for steel rails with from 0 *30 to 0*50 per 
cent, of carbon. With structural steel having from 0*18 to 0*25 per cent, 
of carbon, the usual specifiod value is from *28 to 32 tons per square inch. 
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Table op Factors op Sapety in Common Use. 



Factors of Safety for j 

MsterlaU 


A Live or Varying 
Load,* producing 

In 

Structures 
subject to 
Varyiii^ 
Loads and 
Shocks. 


A Dead 
Load. 

StrcBB of 
one kind 
only. 

Equal 
Alternate 
Stresses 
of different 
kinds. 

Cast iron, and brittle metal 
and alloys, .... 

4 

6 

10 

15 

Wrought iron and mild steel, 

3 

5 

8 

12 

Cast steel, .... 

3 

5 

8 

15 

Copper and other soft metals 
and alloys, .... 

5 

6 

9 

15 

Timber, ..... 

7 

10 

15 

20 


To find the Factor of Safety for a Mixed Load. — “ Given the 
proportions of live and dead load on a structure, to find the 
factor of safety for a mixed load ; multiply the factor of safety 
for a dead load, by a number proportional to the dead part of 
the load, and the factor of safety for a live load by the number 
proportional to the live part of the load ; add together the pro- 
ducts, and divide by the sum of the multipliers.” — (/iankine.) 

Example. — In an iron bridge, suppose 

Dead load : live load : : 5 : 4. 

Then, from the above table, we get (3 x 5) + (5 x 4) == 35 , 
and 35 -r (5 4) = 4, as the factor of safety for mixed loads. 

Work done in Stretching a Bar. — Resilience. — If a load of 
gradually increasing amount be applied to a bar so as to stretch 
it, the amount of actual stretch, or elongation of the bar will, 
with the limitations already specified, be directly proportional to 
the load producing it. A diagram might, therefore, be drawn to 
represeiit graphically the work done in stretching the bar, as 
explained in Lecture 11. of Volume 1. The area ot the diagram 
would represent the work done. The load will increase uni- 
formly from 0 to P. The mean value of the force doing the 
work is, therefore, J P, and the stretch or displacement is L 
Hence, we have for the work done : — - 

W = JPZ. 

•See “Fatigue of Metals,” Chap. VI., for effect of varying loads. 
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But from eqnatioiu (I) and (III)— 


P =/A. 

Banoe, W =-Q x 

lii 

Or. W=-^x 


and I 


E* 


AL 

2 

\ volume of the bar. 


. . (V) 


The work done is therefore proportional to the volume of the 
bar, or to its weight. 

When the bar is loaded to its elastic limit, or proof stress, as 
it is sometimes called, then the work done in stretching it is 

f2 

termed the Resilieiice of the bar, and the ratio is its Modulus 

Jli 

or Coefficient of Resilience. 


Example II. — What is the resilience of a materiaH If a 
wrought-iron tie bar, 5 feet long and 3 inches in diameter, has a 
limit of elasticity of 15 tons per square inch, and a modulus of 
elastic ity of 30.000,000 lbs. per square inch, what is its resilience ] 
Answer. — f— 15 x 2240 lbs., E = 30,000,000 lbs. per square 
1 22 

inch, A = - X -y x 3*-^ square inches, and L = 5 feet. 


Resilience = 


(15 X 2240)2 
30,000,000 


X 


II 

u 


X 32 X 5 

= 665 ft..lbs. 


Sudden Pull, or Live Load. — We have just seen that a constant 
force of lbs. acting through a distance of I feet will do the 
same amount of work in stretching a bar as would a load 
gradually increasing from zero to P lbs. ; therefore, the strain 
produced by a sudden prdl of iP lbs. is the same as that due 
to P lbs, applied gradually. It follows, therefore, that if P be 
ap})lied suddenly, but without initial velocity, the strain and, 
therefon% the stress will be doubled. 

Therefore, the stress in a bar caused by a suddenly applied or 
live load is twice that caused by a gradually applied or dead load 
(f the same amount. 

Shrunk Rings. — In the construction of built-up guns, the 
process consi.sts in slirinking on a series of concentric rings, each 
ring griping the next inner one with a certain pre-determined 
tension. 
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The reason for this arrangement will be better understood 
when we come to deal with the strength of thick cylinders. 
The principles set forth in the preceding sections enable us to 
calculate the dimensions of rings to give a certain grip.- 

Let D ■■ The external diameter of an inner ring. 

d » The internal diameter of the next outer ring, 
y*— The required tension. 

When the outer ring is shrunk on, its diameter is then D. 
The inner fibres of this ring are then stretched by an amount 
w (D — ci); and by definition, we have : — 

Straia - ^ . 2^ 

Td d 


If E denote the modulus of elasticity of the material of the 
ring, then : — 

stress J 


E - 


strain D — 


Hence, 



Example III. — The external diameter of an inner ring is 20 
inches. Work out the diameter which the outer ring must 
have in order to grip the inner one with an initial tension of 
8 tons per sq. inch. Take the modulus of elasticity as 30,000,000. 


Answer. — Here D = 20 inches, and / = 8 x 2240 = 17,920 lbs. 
per sq. inch. 


= 20 X 


30,000^0 

30,017,920 


= 19-98 inches. 


Strength of Thin Cylinders. — By thin cylinders are meant 
cylindrical vessels whose thickness is small compared with their 
diameter. The resistance which such vessels offer to forces 
tending to burst them, both longitudinally and circumfer- 
entially, is easily deduced as follows : — Consider a cylindrical 
ring, whose breadth is h inches, thickness i inches, and internal 
diameter is d inches. Let // denote the intensity of the internal 
pre.ssure, in lbs. per sq. inch, tending to burst the ring, and /the 
induced stress within the material of the ring, also in lbs. per sq. 
inch. 

Then the magnitude of the total internal force tending to tear 
asunder the ring at the ends of a diameter i&pdb lbs. And the 
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resistance which the ring offers to this bursting force is 
8<6/lbs. 

These being equal, we have : — 

2tb/ - pdb / = 0- . . (VI) 

This result shows that the stress, in a circumferential direo 
«ion, is independent of the length of the cylinder. 

Whatever be the form of the ends of the cylinder — whether 
they be flat or hemispherical — the total force tending to cause 

rupture circumferentially ia p -(P lbs. ; resisting this force, we 

nave a ring of material whose total sectional area is v d I sq. 
inches. 

Let be the longitudinal stress due to the longitudinal 
bursting force ; then the total resistance is t d t j\ 1 us. 

And •K d i »p - d* 

Hence. (Vll) 

From this we see that: — 

/i=i/- 

So that in a cylindrical boiler, which comes within the 
category of thin cylinders, the stress in a longitudi/ml direction 
is only one-half of the stress circumferentially. 

HeUcal Seams. — H wo made a boiler of rings, / >ined together 
circumferentially, then, so long as the strength of those joints 
was greater than one -half that of the solid plate, the boiler 
would still be as strong as one without joints, because the solid 
plate longitudinally would still be weaker than the circum- 
ferential joints. When, instead of 
solid rings, these are made up of 
pieces joined together longitudinally, 
it is obvious that the strength of the 
boiler is determined entirely by that 
of its longitudinal joints, unless the 
circumferential joints are less than 
half as strong. 

As a com promise, it has been pro* 
posed to have, instead of ciroum- 
Illustratieo Stress on ferential and longitudinal joints, one 
Helical Seams. continuous seam running spirally, 

called a helical joint. 
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Let the accompanying figure represent a portion of such a boiler 
flattened cut. A B is the helical seam, whicli, when flattened 
out, becomes a straight line, making the angle 6 with the longi- 
tudinal direction. The longitudinal and circumferential stresses 
are represented by J\ and respectively. The intensities of 
those stresses on A B being denoted by andy^,', we have 


f^x AB=yj X BC; and x A B = ^ AC; 

»•. = y’j sin Q ; and = f 2 

Resolving and normally to A B, we have, for the total 
normal stress 

/n == ^ f ^ ^ 

„ * /i sin® ^ + fo cos® 0, 


But 

A 


fn 

Or, 

/n^ 



Let, 

n 

Then, 

sin* d 


BO 
AO’ 
B C® 
‘ A B® 


Hence, 


fn 

f. 


B C* 

■ B (> + A O '* 
n* + 2 


n® 


:1 _ 1 _ 

2 2a?2 + 2 

For example, if n - 1, t.c., 45*, 

/» _ 3 


(VIII) 


Then, 


yii 


4- 


That is to say, that the normal stress on a spirally-running 
joint, making an angle of 45* with the axis of the boiler, would 
be three-fourths of that on a longitudinal joint. With joints of 
equal efficiency, therefore, the helical seam wDuhl be 83 *.3 per 
cent, stronger than the longitudinal one. 

When the thickness of a cylindrical vessel, subjected to internal 
pressure is not small in comparison with its internal diameter, 
the problem requires to be treated difl'erenlly. In this case, th(3 
stress will not be constant over the section, and cannot be in- 
vestigated without more advanced treatment ; this we give later. 

Chains.^ — Chains are used both as transmitters of eiuTgy, like 
belts or ropes, and as simple fastenings. But, as these two inodes 
of u.sing chains are more or less connected, it is found convenient 
to treat them generally, without taking into aeeouiit their special 

* The following two figures, the Admiralty Rules for proof stress of 
chains, and the two Tables were obtained by permission from Design of 
Structures, by S Anglin, C.E., published by Charles Grillin & Co. 
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Applications. Chains may be arranged under any one of the 
following headings : — Ist, Round iron chains with open links; 
2nd, round iron chains with stud links ; 3rd, flat bar chains ; 
4th, gearing chains. 

Chains are generally made from round wrought-iron bars of 
the best quality. The links are of different shapes, the elliptical 
form being the most common. They may be classed under two 
sorts — (a) The close or open link, which is commonly used for 
cranes and like purposes; (6) the stayed or stud-link, where a 



stud or stay (usually made of cast iron) is fitted across the 
shorter diameter of each link. These studs most effectually 
keep the sides a{)art, and prevent any link jamming a neigh- 
bouring one. They add materially to the strength of the chain, 
for they are in compression whilst the sides of the links are in 
tension. Stud-links are used for large cables, and for other pur- 
poses where the chain may be subjected to heavy stresses. 

When a load or tension is applied to any chain, each link is 
subjected o a bending action in addition to a tensile stress. 
This bending action is greatest at the extremities of the longer 
diameter of the link. Hence, on this reasoning, the link should 
be made stronger at its ends, but the question of the best section 
is complicated by the uncertainty as to the strength of the link 
at the tveld. The diminution of strength due to “ welds ” in 
bars has been found to average 20 per cent. The strength 
of a stud-link may be taken as equal to double the strength of 
a rod of wrought iron, of the same diameter and quality of 
material as that of which the chain is composed ; whereas, the 
strength of an open-link chain is only about 70 per cent, of this 
amount, even with perfect welding. It will easily be seen, that 
cnains in passin? over pulleys are subjected to other bending 
stresses than those enumerated above. Henoe, the links of 
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ehainB to be used for this purpose should be made as short as 

S ^ssible, in order to increase the flexibility of the chain, and 
minisb this bending action. 

^ Fatigae of Chains.* — Chains which have been in use for some 
time and subjected to many sudden jerks (such as the lifting 
chains for cranes and slings), suffer from fatigue,” the material 
becomes crystalline, or short in the grain, and consequently 
brittle and unsafe. The best precaution to adopt to restore 
the equilibrium of the material and re-establish its strength, is 
to periodically anneal the chains by drawing them very slowly 
through a fire, thus allowing them to become heated to a dull 
red, and then to cool them slowly in a heap of ashes. This 
method is carried out at Woolwich Arsenal by the War Depart- 
ment and by other high-class works. 

Ultimate Stress, Proof Stress, and Working Stress on Chains. — 
There are three kinds of stresses to be distinguished when 
applied to chains — (1) The ultimate tensile stress, (2) the proof 
stress, and (3) the working stress. These are approximately 
related to each other as follows : — 

The proof stress may be taken as one-half of the ultimate 
strength, and the working stress is often stated at about one- 
half the proof stress. 

The Admiralty rules for the proof stress of studded chain 
cables and close or open-link crane chains are as follows : — 

Let d » diameter of the iron forming the chain ; 

For studded chain cables — 

Proof load in tons = 18cP=* 11^ tons per sq. in. of section. 
For closedink crane chains — 

Proof load in tons = 12 » 7*7 tons per sq. in. of section. 

If the working load be taken at one-half the proof load, 
we get — 

For studded chains — 

Greatest working load « 9 cP -* 5*75 tons per sq. in. of section. 
For close-link chains — 

Greatest working load = 6 d ^ = 3*85 tons per sq. in. of section. 

* The author was recently called upon to nu^ke a series of comparative 
tests between a J-inch sling chain, which had been in constant use d iiring 
several years for lifting logs of wood without ever having been annealed, 
and a new well-annealed wrought-iron sling chain of the same size. Tlie 
old chain broke with sudden snaps at 6*22 tons mean strecs, and only 3*5 
per oent. elongation, showing a brittle crystalline structure. The new 
well-annealed J-inch chain only gave way at 7‘h tons with 18*5 per cent 
elongation, showing a fine fibrous ductile structure. iSee also ** Fatigue of 
Metals,'’ Chap. VL 
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Weight of Chains. — ^The weight of chains in lbs. per foot may 
De expressed from the equation, to 9 cP, where d ~ diameter 
of iron in inches. 

The following tables are given by Professor Unwin, M. Inst. O.E., 
in his Elements of Machine Design ; also, in Design of Structures^ 
by Mr. S. Anglin, C.E., Wh.Sc. The breaking strengths were 
calculated from the Woolwich experiments. 

Table of Strength and Weight of Close-Link Crane 
Chains, and Size of Equivalent Hemp Cable. 


Diameter of 
iron d 
in inohea. 

Weight of 
chain 

per fathom. 

Breaking 
•trength m 
tons. 

Testing 
load In tons. 

Girth of 
equivalent 
rope in inches. 

Weight 
of rope in lbs. 
per lathom. 

i 

8*5 

a9 

0*76 

2 

It 

A 

8*0 

3*0 

1*10 

24 

14 

i 

8*6 

43 

1*6 

3i 

24 

A 

11*0 

6*9 


4 

3J 

4 

14*0 

7*7 

3*0 


6 


18*0 

9*7 

3*8 

64 

7 


24*0 

120 

4*6 

«i 

8» 


28*0 

146 

6*6 

7 

104 


31*6 

17*3 

6*8 

74 

12 


37*0 

20*4 

7*9 

84 

16 


44*0 

23*1 

9*1 

9 

174 


60*0 

26*1 

10*6 

94 

19* 

HEI 

66 0 

29*3 

12*0 

10 

22 

n 


36*3 

16*3 

H4 

27} 

u 


44*1 

18*8 

124 

344 

1* 


62*8 

22*6 

13| 

414 

14 


62*3 

270 

16 

49* 
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Tablb of Stbkngth and Wright op Studded-Link Cablr 


Diameter of 
Iron d la 
Inchea. 

Weight In 
Lbs. por 
Fathom. 

Breaking 
Strength in 
Tons. 

Test f.oail 
in Tonn. 

Girth of Kqui- 
valent Rope 
in Inches. 

Weight of 
Ropo in Lbs. 
per Fathom. 

t 

24 

9‘5 

7 

64 

9 


28 

11 4 

8i 

n 

12 

f 

32 

13-5 

104 

8 

14 

t 

44 

20-4 

131 

94 

194 . 

1 

58 

24‘3 

18 

104 

224 j 


72 

29-5 

22} 

12 

30} 

a 

90 

38*5 

28| 

134 

391 

If 

no 

48*5 

34 

15 

481 

ii 

125 

69*5 

40i 

16 

55 


145 

66 6 

474 

17 

62 

If 

170 

74*1 

65i 

18 

681 

11 

195 

92*9 

63} 

20 

86 

3 

230 

99*6 

72 

22 

104 

at 

256 

112 

8U 

24 

124 

2j 

285 

126 

91} 

26 

145 


For a thorough investigation of the strength of chain links, 
see a paper by Professors Goo<lenough and Moore, University oj 
Illinois Bulletin^ No. 18. 

The Behaviour of Materials under Test. — Stress-strain Dia- 
grams. — If a material be tested in tension or compression, and 
the strain at each stress be measured, and such strains be plotted 
on a diagram against the stresses, a diagram called the stress 
strain diagram is obtained. If a material obeys Hooke’s Law, 
such diagram will be a straight line. For most metals, tho 
stress-strain diagram will be a straight line until a certain point 
is reached, called the elastic limits after which the strain increases 
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more quickly than the stress, until a point called the yield 'point 
is reached, when there is a sudden comparatively large increase 
in strain. After the yield point is reached, the metal becomes 
in a plastic state, and the strains go on increasing rapidly until 
fracture occurs. 

Mild Steel. — The figure shows the sti*ess-strain diagram for a 
tension specimen of mild steel, such as is suitable for structural 
work 




FrocTure-d ForVon 

Stv.t'ss-Strain Diagram fok Mild Stekl. 

The portion A B of the diagram is a straight line, and 
represents the period over which the material obeys Hooke's 
Law. At the point C, the yield point is reached, and the 
strain then increases to such an extent that the first portion 
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ot* the diagram is re-drawn to a considerably smaller scale, such 
portion being shown as A B^Ci. The strain then increases in the 
form shown until the point D is reached, the curve between 
and D being approximately a parabola. When the point D is 
reached, the maximum stress has been reached, and the specimen 
begins to pull out and thin down at one section, and if the stress 
is sustained, fracture will then occur. The portion D E, shown 
dotted, represents increase of strain with apparent diminution of 
stress. This diminution is only apparent because the area of the 
specimen beyond the point rapidly gets smaller, so that the load 
may be decreased, and still keep the stress the same. In practice, 
it is very difficult to diminish the load so as to keep pace with 
the decrease in area, so that this last portion of the curve is very 
seldom accurate, and has, moreover, little practical importance 
in commercial testing because the maximum stress is always 
taken as that given at D. 

The specimen draws down at the point of fracture in the 
manner shown in the diagram. Before the test, it is customary 
to make centre-punch marks at equal distances apart along the 
length of the specimen. The distance apart of these points after 
fracture of the specimen indicates the distribution of the elonga- 
tion at different points along the length. Four such marks, 
a, 6, 0 , cf, are shown on the figure. The greatest extension 
occurs at the point of fracture, so that on a specimen of short 
length, the percentage total extension will be greater than on a 
longer specimen. 

The stress-strain diagrams in compression and shear for mild 
steel are very similar to that for tension. In compression it is 
difficult to get the whole diagram, because failure occurs by 
hudding^ except on very short lengths, where it is very difficult 
to measure the strains, and in shear the test is made by 
torsion, because it is almost impossible to eliminate the bending 
effect. 

The importance of the elastic limit has been overlooked to a 
large extent by designers of machines and structures ; but inas- 
much as the theory, on which most of the formulse for obtaining 
the strength of beams are based, assumes that the stress is 
proportional to the strain, it must be remembered that our 
calculations are true only so long as Hooke’s Law is true, so that 
the elastic limit of the material is a very important quantity. 

Tensile Strength of Various Steels and Wrought Iron.^The 
figure shows typical stress-strain diagrams for various kinds of 
steels and wrought iron; the strength properties depend to a 
/arge extent on the heat treatment and amount of ‘‘working* 
in manufacture. 



TENSILE STRENGTH OF CAST IRON. 


17 


Cast Iron.-^The strength of cast iron varies considerably with 
its composition, but like all brittle material it is relatively weak 
in tension and strong in compression. 

The figure shows the stress-strain diagrams for cast-iron in 
tension and compression, the results of the two tests being 
plotted in one diagram. 



StRKSS-S TIJAIN l)IAOUAMS FOR VARIOrS StF.KI a AND u UO’’OHT Iron. 
].t is troll, t). s •am tl.at tin- s is never strictly 
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proportioned to the strain in tension; this has an important 
bearing upon the strength of cast-iron beams. 

The compression diagram is not continued to failure as the 
failure would take place by buckling and injure the instrument 
for measuring the strain. When a cast-iron bar fails in tension, 
it breaks off “short” — i.s., it does not produce a waist as 
indicated for mild steel. 

When compression tests are made on cylinders which are so 
short that buckling effects are practically eliminated, the failure 
takes place by sliding diagonally and for shorter specimens still 
cracks sometimes develop which split off the outside portion 
leaving two inverted cones. 



Steess- Strain Curves for Cast Iron. 

The tensile strength of cast iron varies from about 7 to 15 
tons per sq. in. in extreme cases, but more usually from 8 to 11 
tons per sq. in. Figures for the compressive strength show 
more variation ; this is probably due to the fact that the size of 
the test piece, hath as regards its length and breadth, affects the 
result. 

The following results of tests made upon ^-in. cubes by the 
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American Foundrymen^s Association show that specimens cut 
from bars of small cross-section give much higher results than 
those from large. 


Cross-Section of 
Bar from which 
Cubes were cut. 

Crushing Strength in Tons per Square Inch for Cubes cut from 

Middle 

Half-inch. 

first 

Half-inch. 

Second 

Half-inch. 

Third 

Half-inch 

Fourth 

Half-inch. 

i X i 

69 0 





1 X 1 

44-5 

49-8 

... 

... 


1} X li 

.37 0 

.39*4 

37*0 


••• 

2x2 

32-2 

.37*9 

34-6 

... 

... 

21 X 2i 

31-9 

.35*4 

32*3 

31*9 


3x3 

28-6 

32*5 

301 

28*7 


3i X 3} 

28*4 

30*5 

29-6 

28-8 

28’4 

4 X 4 

25 4 

29*4 

27*4 

26-6 

25-4 


Stress-Strain Diagrams for various Ductile Metals.— -The 
figure shows typical stress-strain diagrams for a number of 
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ductile metals. These must be regarded as only average 
diagrams, because these materials vary in their elastic properties 
to a considerable extent, depending on the method of working 
and upon their constitution in the case of alloys. 

In most cases the early portion of the stress-strain diagram 
is never quite straight, but there is usually a clearly defined 
yield point. 

Stone, Concrete, Cement and like Brittle Materials.— When 
stone, concrete, cement and like materials are tested in com- 
pression in the form of cubes or short cylinders, fracture nearly 
always occurs by splitting in diagonal planes. This is commonly 
referred to as a “ shear failure,” the failure being attributed 
to the shear stresses on the diagonal planes at 45'' to the 
axis. 

Stress-Strain Diagram for Portland Cement and Concrete in 
Compression. — The kind of concrete which we will consider 



Stbxss-Stbain Diaoraic roR Cokcbbtx in Compbkssion. 


is composed of a mixture of Portland cement, sand and 
broken stone or brick, gravel or like material which is called 
aggregate.” 

&e composition is usually referred to in the ratio of volumes 
of cement : sand : aggregate, i.e. a 1:2:4; concrete is one 
composed of 1 part cement, 2 parts sand and 4 parts aggre- 
gate. 

The stress-stmin diagram for concrete in compression is never 
quite straight so that there is no elastic limit, the exact 
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curve depending on the composition and on the time aftei 
setting. 

The curve shown in the figure is almost exactly a parabola. 
This curve is for a 1 : 3 : 6 concrete, 90 days old, which was 
tested by Mr. R. H. Slocum, of the University of Illinois. 
Some authorities assume that the curve is a parabola, but 
in practice it is seldom that the curve comes so near to a para- 
bola as the above. The stress-strain curve is, however, nearly 
always of a similar shape, the strains increasing more quickly 
than the stresses. It is extremely important to remember that 
with cement and concrete the relations l)etween stress and strain 
vary largely with the quality and proportions of ingredients, and 
cannot be taken as almost constant as in the case of steel. In 
tension a somewhat similar curve is obtained, but as cement and 
concrete are practically never used in tension, much less work 
has been done on the tensile properties of "concrete. 

Young’s Modulus for Concrete. — In a material like con- 
crete Young’s modulus E is not constant, so that we must give 
the stress at which the ratio is taken if it is to have any real 
value. 

The initial value of E is obtained by drawing a tangent to the 
curve at the origin as indicated in the figure. 

1 200 

We then have initial E = 7(^q^ = 3 x 10® lbs. per square inch. 

Similarly final E » * 1'5 x 10® lbs. per square inch. 

The usual value of E taken in reinforced concrete calculations 
is 2 X 10® lbs. per square inch. 

Effect of Composition and Age upon Compressive Strength of 
Concrete. — The compressive strength of concrete is roughly pro- 
portional to the proportion of the cement in the mortar, and 
increases with age, the increase being very rapid at first. One 
typical set of tests showed the following strength ; — 


Age, .... 

7 days. 

1 month. 

3 months. 

6 months. 

Compressive Strength 1 
(lbs. per sq. inch), / 

1,600 

m 

3,000 

3,600 

i 
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The following strengths are specified in the reinforced 
concrete regulations of the London County Council ; — 


ProportionB by Volume. 

Ultimate Compresiive Strene:th 
in Lbi. per Square Inch. 

Cement. 

Sand. 

Coarse 

Material. 

1 Mouth. 

4 Months. 

1 

2 

4 

1,600 

2,400 

1*2 

2 

4 

1,800 

2,600 

1*6 

2 

4 

2,000 

2,800 

2 

2 

4 

2,200 

3,000 


Tensile Strength of Portland Cement and Concrete.—The 
tensile strength of concrete is about of its compressive 
strength, but it is not usual to allow for any tension in the 
concrete in practice. 

The standard method of testing the strength of neat cement 
is, however, by tension, so that the tensile strength is of con- 
siderable importance. 

The British standard specification requires the following 
strength of Portland cement. 

Briquettes 1 square inch in section must develop at least the 
following strength : — 


Neat Cement, 

After 7 days ( 1 in moist air, 6 in water) 
28 ,, ,, ,, 27 „ 


. 450 lbs. 
- 600 „ 


Breaking strength at 7 days + vv i • — . 

Breaking strength at 7 days 

One pctrt cement and three parte sand (by weight). 

After 7 days (1 in moist air, 6 in water) - - 200 lbs. 

)) 28 „ „ ,, 27 „ - - ,, 

1 • i. i-U 4. - J 10,000 

Breaking strength at t days + ^ 7 • 

® Breaking strength at 7 days 
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Lboturb I.— Questions. 

1. What do yon anderstand by the terms strain, stress, and modulus qf 
eUietieity ? A tie rod 100 feet Ions, and of 2 square inches sectional area, is 
stretched three-quarters of an inch under a tension of 32,00;) lbs. VVliat is 
the intensity of the stress, the strain, and the modulus of elasticity 
under these oircumstances ? Ans» 16,000 lbs. per square inch; 0*000025; 

25.600.000. 

2. A ship is moored by two cables of 90 feet and 100 feet in length re- 
speotiyely. The 6rst cable stretches 2| inches, and the second stretches 3 
inches, under the pull of the ship ; find the strain of each cable. 
Ans. *00243 ; 0*0026. 

3. Define the term Resilience. Show that the work done on a material 
by a live load is four times that done by an equal dead load. A wrought- 
iron tie rod 20 feet long and *5 square inch cross-sectional area bears a (lead 
load of 6,000 lbs. Find the work done on stretching the rod by this load. 
What live load would produce an instantaneous elongation of another 
A inch? Take E = 30,000,000. Ans. 33*3 ft.-lb8.; 3,125 lbs. 

4. A rod of iron 26 feet long and 2 square inches cross-sectional area 
checks a weight of 80 lbs., which falls from a height of 20 feet before be- 
gmning to strain it. Find the greatest stress and strain produced. Take 
K 33 25,000,000. Ans, 40,000 lbs. per square inch ; *0016. 

6. If the modulus of elasticity of a piece of steel in lbs. per square inch is 

32.000. 000, how much would a bar J of an inch in diameter and 25 inches 
long extend under a load t)f 10 tons? If its limit of elasticity is 21 tons 
per square inch, what is its resilience? Ans. .32*4 ft. -lbs. 

6. What is the resilience of a bar? A bar of steel is § inch in diameter, 
and 30 inches in length, and is under a tensile pull of 10 tons, wiiat is the 
work stored up in the bar, the modulus of elasticity being 32,000,000 lbs. 
per square inch? Ans. 391 inch-lbs. 

7. Built-up guns are made of concentric rings, the outer hoops, or rings, 
being shrunk or forced upon inner tul)es with a regulated tension. Sup- 
posing the external diameter of the inner tube to be 12 inches, and that the 
substance of its covering hoop is to have given to it an initial grip of 4 tons 
per 8(]|uare inch of its sectional area; the exterior diameter of this second 
hoop 18 18 inches, and it is to be covered with a third hoop, having an initial 
grip of 8 tons per s()uare inch of its sectional area ; will you work out 
in arithmetic the difference of dimensions that will afford the above 
conditions? Ans. U *99 internal diameter of covering hoopi 17*99 of third 
hoop. 

8. Prove that when a thin spherical shell is exposed to the bursting 
pressure of gas or liquid the stress in the material is half as great as that 
within the curved surface of a thin cylindrical shell exposed to the like 
pressure, each shell being of the same thickness and diameter. 

9. A long thin pipe of given internal radius is subjected to fluid 
pressure; find the tension of the material of the pipe. If the internal 
radius of the pipe is 6 inches, and the thickness of the pipe 0*5 inch, what 
fluid pressure per square inch would increase the raciius of the pipe by 
0*001 inch ? The modulus of elasticity being 20,000,000, and the elasticity 
of the material being supposed to continue pepfect. Ans, 277*7 lbs. per 
square inoh. 
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10 . A 9Utl hyc^ulio cylinder, 10 feet long and 6 inches in diameter, acta 
ts a brakQ on a lift. It has a movable piston fitted with a spring valve, 
the cylinder being full of liquid when the lift is at its highest position, and 
the piston and rod at the end of the stroke inside the cylinder. It was 
found that when the lift began to descend the internal pressure was 1,000 
lbs. per square inch, which gradually rose to 2,000 lbs. when the piston 
had trayelled 9 feet. Treating the cylinder as a thin one, what would be 
the law of variation of thickness at d£fferent points ? Prove the formula. 

11. A uniformly heavy chain is suspended from two given points: find 
the equation to the curve in which it hangs, and the tension at any point 
of the curve. 

12 Prove that the tendency of a thin cylindric pipe to burst laterally 
(neglecting the strength of flanges, &c.) is twice as great as to burst 
endwise. 

A wrought-iron pipe is 2 feet diameter, J inch thick, its working stress 
is 5 tons to the square inch, but strength of plate is diminished 30 per 
cent, because of riveted joint. What is the working pressure? What 
head of water does this correspond to? ArhH. .327 lbs. per square inch; 
753 ft. head. 

13. Prove the law for the tensile stress produced in a thick cylinder 
by internal fluid pressure. Describe -how we attempt hy chilling to give 
maximum strength. 

14. A steel tube 5 inches internal and 7 inches external diameter has 
steel strip wound on it to the external diameter of 12 inches under a eon- 
stant winding tensile stress of la ton.s per s(juare inch. What i.s the 
stress at any place in the solid metal or the winding? Anjt. 140 tons per 
square inch. 

15. If a thin vessel is subjected to fluid pressure, inside (in excess of 
the outside pressure), prove that the total bursting force at any piano 
section is pA if A is the area of the whole section. How do we calculate 
the tensile stress in the section a of the meial? Kind the rule for the 
stress in a thin spherical vessel. Does the rule apply to a thick ves.sel? 
Give reasons for your answer. 

16. State clearly how we arrive at a rule for the proper thickness of a 
pipe, proving any formula used by you. In fixing the proper value of ihe 
■tress that the material (say ccist-iron) will stand, why do we not use the 
results of experiment on cast-iron test pieces in tension? 

17. Knowing the axial and lateral strains in a tie bar of homogeneous 
material when subjected to a i ensile force, show how we calculate the 
modulus of rigidity of the material. 

18. A tube 3 inches internal and 8 inches external diameter is subjected 
to a collapsing pressure of 5 tons per 8(iuare inch ; show by curves the 
radial and circular stresses everywhere, rrove your formulae. The limits 
of elasticity are not supposed to be exceeded. 

19. A horizontal circular tube of steel is 7 feet diameter, | inch thick, 

100 feet long supported at the ends, its total loiul distributed uniformly all 
over l»eing 30 tons, what are the greatest stresses in tlie metal ? The tuhe 
is fllleil with compresse^i air, what must its pressure be if liiere is just no 
compressive stress i i the metal? -Mate what is now the nature of the 
stress in the met •! at tiu* place wlicre ii i .i//,. i i ritin lbs. per 

square inch P7' - Ihs. per square inch prcisiire ; 211, 'JnO Ihs per 

iquare inch Atress at bottom of tube. 
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Lecture I—C. & G. Exam. Questions. 

1. A steam engine has a piston 18 inches in diameter, and the greatest 
difference of steam pressure between the two sides of the piston when the 
engine is at work is 120 lbs. per square inch; what must the piston-rod 
diameter be in the body of the rod it the greatest intensity of stress per 
square inch is not to exceed 2,500 lbs? Ans. 4 inches diameter. 

2. The links of a chain are made out of IJ-inch round bar iron, having 
a tenacity in pure tension of 22*5 tons per square inch: what load could 
be safel}' lifted with such a chain if the stress is not to exceed )th of the 
breaking stress of the chain? You may assume that only three-quarters of 
the full tenacity would be developed in the material before rupluie, when 
worked up into the form of a link. Ans. 8*5 tons. 

3. How much would a steel tie-bar 3 inches in diameter and 25 feet 6 
inches long extended under a total load of 33 tons? The modulus of 
elasticity of the steel is 12,500 tons per square inch. Ans. *114 inch. 

4. A cylinder 10 inches in diameter has a cover fixed on by li-inch 
studs. The internal fluid pressure is 200 lbs. per square inch above the 
atmospheric pressure. How many such studs would you employ if the 
tensile stress per square inch at the bottom of the threads is not to exceed 
2,500 lbs.? (The diameter at the bottc»m of the thread of a bolt = 9*9 
diameter of bolt ~ *095 inch.) A us. 9 studs. 
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Lectors I.— LC.E. Questioits. 

1. A bar of steel 2 inches in diameter is subjected to a tension of 18 
tons in a direction parallel to its axis. Find a general expression for 
the intensity of the normal and tangential stresses on a section inclined 
at any angle to the axis and calculate them for an angle of 30*. Jns, 

/i« =/sm*5 ; ft = ^fam^O, where $ is the angle which the plane makes 

with the axis ; /« = 1*43 ; /« = 2*48 tons per square inch. 

2. Prove the formula for the stress on a longitudinal section of a thin 
cylindrical shell exposed to internal pressure. Can this formula be used 
for thick hollow cylinders ? Give reasons for your answer. 

3. What area and form of section would be suitable for a mild steel 
roof member subject to the following axial loads ( + signifying tension 
and - compression) : (i.) due to dead load + 3,500 lbs. ; (ii.) due to wind 
on one side + 6,000 lbs. ; (iii.) due to wind on the other side - 4,000 lbs. 
A ns. 1 inch diameter. 

4. Steel rails are welded together and there is no stress at a temperature 
of 60* F. They are prevented from buckling and they cannot expand or 
contract. Find the stresses when the temperature is (i. ) 20* F., (ii. ) 120* F. 
Steel expands by 0*0012 of its length for a change in temperature of 180* F. 
Take £ = 30,000,000 lbs. per square inch. If the elastic limit in tension is 
40,000 lbs. per square inch, at what temperature would it be reached ? Ans. 
(i.) 8,000, (ii.) 12,000 lbs. per square inch ; 260* F. 

5. A piece of material is subjected to a pair of tensile stresses at right 
angles to each other of 8 and 4 tons per square inch respectively. Calculate 
the stresses produced on a plane making an angle of 30 degrees to the 
direction of the stress of 8 tons. Ana. 5 and 1 *73 tons per square inch. 

6. A 2- inch diameter bolt, 12 feet long, is screwed into the under side of 
a rimd beam, and hangs vertically. At the lower end of the bolt is a solid 
head ; on the bolt is a weight of 100 lbs., which fits it loosely. The weight 
falls a distance of 10 feet on to the lower head. Neglecting the work done 
bv the weight falling through the small distance due to the elastic stretch 
of the bar, calculate the stress produced in the bolt. Take the elastic 
modulus as 30,000,000 lbs. per square inch. Ans. 40,000 lbs. per square inch. 

7. The internal diameter of a water main is 30 inches ; it is constructed 
of steel plates | inch thick, with double-riveted butt joints. Assuming 
the tensile strength of the plates to be 30 tons per square inch, and the 
efficiency of the joints as 95 per cent., what is the bursting pressure of 
the main? Ana. 1,600 lbs. per square inch. 

8. What is meant by the resilience of a body ? Give an illustration. 

9. Sketch the eye end of a steel link for a suspension bridge, the body of 
the link being 6 inches by 3 inches, and show how you determine the side 
of the pin. Ana. 6 inches. 

10. Define the two terms ** stress ’’and ** strain.” The suspension-rod 
of a bridge is 30 feet long and stretches ^ inch under the Iom ; what is 
the strain? Ans. Strain = *000139. 

11. Define the two terms ** limit of elasticity ” and '* modulus of elas- 
tieity,” A rod 100 feet long has a sectional area of 2 square inches, and, 
when submitted to a tension of 20 tons, stretches 0*62 inch ; what is the 
modulus of elasticity of the material? Ans. £ =» 19,360 tons per square 
inch. 
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12. The limit of elasticity of a wrought-iron bar was found to be 
20,000 lbs. per square inch, the strain at that point being 0*0006; what 
was the resilience of the material ? Anet. 6 in. ‘I ds. per cubic inch. 

13. Sketch the forged eye end of a steel tension bar, 4 inches by 1 inch, 
to some recognised proportion, and state generally what effect the diameter 
of the pin has upon these pro{K)rtions. Assume the diameter of the pin to 
be three-fourths of the width of the bar. 

14. A rod of steel 10 feet long with a sectional area of J square inch, is 
kept at the proof strain with a tensile load of 25,000 lbs. ; what is the 
amount of the resilience of the rod when fi » 35,000,000 lbs. per square 
inch? Ana. 23 65 feet. 

15. A load of 3 cwts. is suspended by three parallel wires of equal length, 
each iV square inch in area, the outer ones being of steel and the inner one 
of brass, the wires being adjusted so that each has the same stress. A load 
of 3 cwts. is then added to the original load ; what is the 6nal stress on the 
wires, assuming £ to be 30,000,000 lbs. per square inch for steel and 
10,000,000 lbs. per square inch for brass? Ana. 1,600 lbs. per square inch 
in the brass ; 2,560 lbs. per square inch in the steel. 

16. A circular steel tank 20 feet diameter has to be filled with water to 
a depth of 14 feet. Assuming the efficiency of the joints to be SO per cent., 
what must be the thickness of the plates so that a stress of 5 tons per 
square inch shall not be exceeded ? Weight of water = 62*5 lbs. per cubic 
foot. Ana. '08 inch. 

17. State and explain fully the conditions which have to be taken into 
account in deciding on the thickness of the cylinder walls for a steam 
engine. Obtain a formula embodving these r^uirements, and compare 
the results it gives with the following empiri cal rule: — Thickness of 
wall * 0*03 V^iameter of cylinder x pressure, when the pressure is 
200 lbs. per square inch gauge, and the diameter of the cylinder 30 inches, 
and taking 2,000 lbs. per square inch as the allowable stress in tension in 
cast iron. 

18. A bar, 4 square inches in sectional area, carries a weight of 20 tons. 
Determine the intensities of the normal and tangential stresses on a plane 
making an angle of 60* with the cross-section. 

19. Determine the area of cross-section required for a wrought-iron bar 
16 feet long, in order that it may resist the energy of a load | ton falling 
through a height of 6 inches, the resultant of the load being along the axis 
of the bar, and the material just strained to the elastic limit 12 tons per 
square inch, E =s 12,000 tone per square inch, 

20. A rod of steel 100 feet long, with a sectional area of 2 square inches, 
stretches f of an inch when a Iom of 15 tons is suspended from the end ; 
determine the stress, the strain, and the modulus of elasticity. 

21. A steel rod 30 feet long, having a sectional area of } square inch, has 
a weight of one ton suspended from it ; what is the amount of energy stored 
in the ^r owing to its extended condition, when the modulus of elasticity 
is 13,000 tons per square inch ? If theVeight were applied suddenly, what 
would be the amount of the energy stored ? 





LEOTURE IL 

CoNTKNTS.— Strength of Beams and Girders— Definitions of Shearing Force 
dnd Bending Moment — Beam Fixed at one end and Loaded at the other 
—Beam Fixed at one end and Loaded Uniformly --Hearn Supported at 
both ends and Loaded in the middle — FiXampIe 1. — Beam Supported at 
ends and Loaded anywhere — Beam Supported at both ends and 
Loaded Uniformly — Examples It. and III.— Floating Beams — Travel- 
ling Loads— Two Loads Moving at a Fixed Distance apart— Example 
IV. — Distributed Travelling Load —Questions. 

Strength of Beams and Girders. — The subject under this heading 
is one that naturally divides itself into two portions. (1) The 
determination of the resultant efifects of the applied loads at any 
section of a beam or girder ; and (2) the nature and amount of 
the resistance offered by the beam or girder to rupture at that 
section. 

When the section under consideration is in the same plane as 
the load, the only effect the load has at that section is a tendency 
to shear the beam ; but in the more general case, where the load 
acts at a distance from the given section, we have, in addition, a 
tendency to curve or bend the beam at the section. Hence the 
name Bending Moment is given to this latter effect. 

In the accompanying figure, let A B represent a cantilever 



Illustrating Shearing and Bending Action. 


or beam fixed at one end, with a load P applied at the free end ; 
and let C be any section in the beam. At 0 let there be applied 
two equal and opposite forces P., P 2 } of the same magnitude 
as P. The introduction of these forces does not affect the equi- 
librium of the system, as P^ and P 2 balance each other. Henco, 
the effect of P at the section 0 is equivalent to that oi a 
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coaple PP 21 with a single force P^. A general proof of this 
important theorem is given in Vol. I., Lecture III , Prop. II. 
The couple constitutes the Bending Moment (B.M.), and the 
single force P^, the Shearing Force (S.F.) at the section 0. 

Definition. — The Shearing Force at any section of a beam 
is the algebraic sum of all the forces acting on either side of 
that section. 

Definition. — The Bending Moment at any section is the 
algebraic sum of the moments about that section of all the forces 
acting on either side of that section. 

Or, in symbols, if P denote any one of the forces acting on one 
side of a section, and at a distance x, from it ; consider all the 
forces on the same aide of the aectiou as P, payiJ^g due regard to 
their sign — that is, if we reckon forces acting upwards as posi- 
tive, we must regard those acting downwards as negative. 

Then, S.F. = 2P. ^ 

And, B.M. « 2Pjr J 

Beam Fixed at one end and Loaded at the other. — Let 0 D 
be a cross-section anywhere within the length of the beam at a 
distance of x inches from the fixed end A. To find the 8.P. 
and B.M. at C D, we observe that the only force acting to the 
right of the section is W lbs. Hence : — 

S.P. = w lbs. (H) 



Bbae Pixkd at one end, Loadbi) at other. 


It is independent of x, and therefore the same for all such 
sections as OD. 

The B.M. at C D is W multiplied by its distance from the 
section in inches. Hence : 

B.M. «WxBD = W(L-jr) inch-lbs.*. . . (Ill) 

This equation is true wliatevor may be the position of W on 
the beam, so long as L denotes its distance in inches from the 
fixed end, and C|> is between W and the support. 

* Where the older term “ inoh-lbs.** has been in connection with the Bendinc 
Moment at any section ot a loaded beam, then the more modem term of ‘*lb.>inobaa” 
may be substituted. 
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In this case, the diagram of the S.F. is a straight line parallel 
to the base and at a distance of W lbs. from it. Since (111) is 
the equation of a straight line, the B.M. is therefore a quantity 
increasing uniformly from zero, where aj ■« L, to W L inch-lbs., 
where as - 0, as shown by the accompanying figure. 


S.F. 


S.F. oarve is a straight 
line. 

B.M. curve is a straight 
line. 


Diaoham of S.F. and B.M. fob Biam Fixed at oni 

■ND AKD LoADID AT THE OTHER. 

Beam Fixed at one end, and Loaded nnifonnly.-->Let the load 
on the beam be w lbs. per inch-run, it is required to find the 
shearing force and bending moment at any section OD, at 
X inches from the fixed end. As before, consider the part of the 
beam to the right of C D. The only force is the weight of that 
portion of the load carried by B D, so that : — 

8.F. - to X B D « ic; (L - x) lbs. . . . (IV) 




Beam Fixed at one end ahd Loaded Uniformly. 


The moment of the portion of the load on B D with respect 
to C D is the same as if it were all concentrated at the middle 
point of B D. Hence : — 

B.M. —tox BD X ^BDsr^to x (L-x)* inoh-lbs. (V) 

l^uations (IV) and (Y) show us that both the S.F. and B.H. 
▼anish when x L; and when « 0, we get : — 
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8.P. - 0 / L lbs (IV^) 

And, B.M, « ^ a; inch-lbs (VJ 


The diagrams of S.F. and B.M. for this case take the fonos 
shown in the accompanying figure. 



S. F. carve is a straight 

line. 

B.M. carve is a parabola 
with vertex at B. 


Diagram or S.F. akd B.M. for Beam Fixed at one erd 
AND Loaded Uniformly. 


Beam Supported at both ends, and Loaded at the Middle.— In 
this case we measure x from the middle point of the beam. 
Since W is equidistant from A and B, the reactions at those 
points, R| and R2, are equal to each other, and since their sum 
is W, we have : — 

Bi = Ro = J W lbs. 



Beam Sdffortxd at both ends and Loaded at Middle. 


The only force to the right of C D is R^i leverage it 

BD. 
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E60«i 8.P. = R2-iWlbB. (VI) 

And, B.M. - R,xBD = JW(JL-jr) inch-lbs. . (VII) 

Here, the B.M. vaniBhes when L, and increases uniformly 
finom this until a;«:0, when it attains its maximum value, ^ W L 
inoh-lbE 


Or, Maximum B.M. - ^ W L inch-lbs. . . . (VII J 

The following figure shows the diagrams of S.F. and B.M. for 
this ease: — 


S.F. 



Diaoram or S.F. and B.M. roa Beam Supported at botb ends 
AND Loaded in Middle. 


Examplb I. — In a beam of length L, supported at both ends 
and loaded at the middle with a load W, show that the bending 
moment is greatest at the centre of the beam and equal to 
^WL. Then determine graphically the bending moment and 
shearing force at a point 6 ft. from one support in a beam of 25 
ft. span loaded with 5 tons at its centre. 


Answer. — We have already seen from equation (VII) that 
for a beam loaded as in this example, the B.M. at any 
distance x, from its middle point, is 

B.M.- JW(JL~a!). 

This is obviously greatest when — that is, at the centra 

Then : — 


Maximum B.M. ^ W L; and S.F. » ^ W. 
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For the values of W and L given in the example, we get ; — 
Maximum B.M. = J x 5 x 25 -- 31*25 ft.-tons. 

And, S.F. = ^ X 5 = 2-5 tons. 



V «■ y 

S.F. AND B.M. Curve.'* vor Example 1. 

The accompanying figure shows the diagrams of B.M. and S.F 
.as constructed from these data. 

At 6 feet from one end the B.M. measures 1.5 ft.-t(»ns. This 
is easily verified by means of the formula for B.M., because 
x- 12*6- 6- 6*5. 

B.M. == J X 5 X (12-5 - 6*5) = 16 ft.-tons. 

Beam Supported at both ends, and Loaded Anywhere. — With 

a single concentrated load, the maximum bending moment will 



Beam Sufpobted at eotu enuh. and Loaded Anywhbrr. 
2 3 
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always occur immediately under the load, whether it be at the 
middle of the beam or not. 

For the B.M. at any section at a distance a;, from one end is 
It X X, and this is greatest whon x is largest; that is, when the 
section is under the load. 

To hud the reactions at the supports, we take moments about 
A and B, and get Ej x L ~ W x m. 

IL = ^ W lbs. and R, « W lbs. These are the values 

Jj ^ 

of the 8.P. to the right and left of W respectively. 


S.P. (to right) = ” w lbs. ’ 
S.F. (to left) = £ W IbB. 


(VIII) 


Multiplying the first of these equations by n, or the latter by 
m, we get : — 


Maximum B.M. 


= w) inoh-lbB. . 


. • (IX) 



straight lines. 

B.M. carve is two 
straight lines. 


^ 

Diagram or S.F. and B.M. for Single Load in ant fosttion. 


Beam Supported at both ends and Loaded Uniformly. — As 
before, let the weight per inch-run be denoted by tc, then the 
total load carried by the beam will be to L lbs., and the reactions 
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Beam Supported at both ends and Loaded Uniformly. 


We get, S.F. = Rj-iox BD = jM7L-io(JL-ar) = a/;f lbs. (X) 

And, B.M. « BDx|BD 

„ sa^ioLxBD-^io.BD* 

„ = Jto. BD(L - BD) 

B.M. = Jm; (JL2 - x^) inch-lbs (XI) 

The limiting values of S.F. and B.M. are : — 

' When, X = i L ; then, S.F. = ^ 0 / L lbs.; and, B.M. - 0 . (X*) 

When, 05 = 0 ; then, S. F. * 0 ; and : — 

Maximum, B. M. = \w L‘^ inch-lbs. . (^^a) 

Plotting our diagrams of S.F. and B.M., we get the figure 
shown on next page. 

When a beam carries more than one load, or is loaded in more 
ways than one, the simplest and safest way is to consider each 
load separately, without regard to the others, and then combine 
the separate effects so as to obtain the resultant action, as in 
Example 11. 

Example 11. — Draw the bending moment and shearing force 
diagrams for a beam 1 2 feet long, supported at both ends, and 
loaded with weights of 4 and 6 tons at distances of 3 and 8 feet 
respectively, from one end of the beam. Explain fully the mode 
of arriving at these diagrams. 

Answer. — Measuring distances from the left end of the beam, 
and considering each load separately, we have, for the 4 tons, to 
the left of the load 
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S.F .1 - ^ W = X 4 “ 3 tons. 

And, to the right of it : — 



S.F. carve ia a 
straight line. 

B.M. curve is a 
parabola with vertex 
below the middle of 
the beam. 


Diagram of S.F. and B.M. for a Beam Supported at both ends and 
Loaded Uniformly. 


The maximum B.M.^ due to this load is : — 

B.M.j ax ""LT"* ^ * HP” X 4r = 9 ft-tons. 

It occurs immediately under the load. 

Next taking the 6 -tons load, we have to the left of it : — 

S.P. 2 ==^ W = ~x6*=2 tons ; 

And to the right of it ; — 

S.F .2 = ^W-j- 2 x 6-4 tons. 

The maximum B.M .2 due to the 6 tons is ; — 

W s= X 6 *: 16 ft -tons. 
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Plotting these results, we get the accompanying figure : — 



S.F. AND B.M. Curves for Example II. 


The thin lines show the actions of the separate loads, and the 
full lines their conihined results, obtained by taking the alge- 
braic sum of the former. 

The student should here carefully observe the necessity of 
attending to the sign of the shearing force. Thus, between the 
weights we have a shearing force of 2 tons, which, on account of 
its sign, is drawn below the b<t5e line j also a shearing force of 1 
toll drawn above the base line. Tne resultant shearing force 
between the loads is therefore the difference of these, and is 
drawn on the same side of the base line as the greater of its 
components. 

The bending moments everywhere along the beam are of the 
same sign \ therefore, to obtain the combined bending moment 
diagram, we have simply to add the ordinates of each separate 
diagram. Thus, to get the total bending moment at the section 
under the 6 tons load, we add F G (viz., that due to the 4 tons 
at that point) to F H (that due to the 6 tons). The result F ^ 
is theretore the total B.M. at that point. 
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It is quite sufOicient to do this for the sections under each 
load, and then to join each of the points so obtained with 
each other and with the ends of the beam hy straight lines. If 
drawn to scale, the B.M. at any other point can then be obtained 
by measuring the corresponding ordinate. 

Example III. — A horizontal uniform bar, 18 inches long, is 
laid oyer two supports, each 4 inches from its ends. Find two 
points at which the bending moments are zero. 

Answer. — Let to be the weight in lbs. per inch>run of the bar. 
Then the total weight of the bar will be 18 to lbs., and the 
reactions will each be 9 u; lbs. 



Taking moments to the right of the section C D at a distance 
tp inches from the centre of the bar, we get : — 

B.M. = K2(5 - «) - w;. BD X ^BD 
„ ■« 9 w? (5 - a;) - J U7 . B D* 

„ « 9 to (6 - x) - J m; (9 - x)* 

I, *= i 0 / (9 - x^) inch-lbs. 

The B.M. will be zero when 9-x*«0; t.e., when x«»±3 

inches. 

Hence, the required poiuvS are 3 inches on each side of the 
centre, or 2 inches inside of the supports. 

Floating Beams. — When a solid body, such as a piece of wood 
of uniform density, floats in still water its weight and its buoy- 
ancy, or the resultant upward pressure of the water on the body, 
will at all points balance each other. There are consequently no 
shearing or bending stresses on the body, and each part is in 
•quilibrium indepeimently of the other parts. 
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But whenever those conditions are departed from, such as (1) 
when the floating body carries weights ; (2) when it is not of 
uniform density, due to want of homogeneity in its material, if 
solid, or to its being hollow, or of a boat form ; or (3) when it 
crosses waves, then bending and shearing stresses are set up. 

Consider the case of a uniform beam of wood of rectangular 
section floating in still water. The beam will displace an amount 
of water exactly equal to its own weight. This is true, not only 
for the beam as a whole, but also for every individual segment 
of the beam. Any segment of the beam will displace just as 
much, and no more, water than it would do if floating by itself. 
The beam, therefore, is as free from stress as it would be if it 
were lying on a perfectly flat surfsu^. 

Suppose now that a weight W, be placed on the jniddle of a 
floating beam. This will cause the beam to sink to a greater 
depth and displace an extra volume of water. The weight of thia, 
displacement is exactly equal to W. What, now, is the 
^ndition of the beam as regards straining forces ? Evidently, 
we need only consider the weight W, and tlie extra displacement, 
due to its being carried by the beam ; because the upward 
reaction of the displacement due to the beam's own weight, is 
still at all points balanced by the downward weight of the beam , 
^n other words, the condition of the beam, so far as its own 
weight and displacement are concerned, is in no way affected by 
the addition of the load. 

To give definiteness to our ideas, let W be expressed in lbs., 
and let L denote the length of the beam in inches. 

Then the forces we have to consider are : — 

(1) W lbs. concentrated at the middle of the beam and acting 
downwards. 

(2) The displacement of W lbs. of water uniformly distributed 
along the whole length of the beam and acting upwards, with an 

\\r 

intensity of ^ lbs. per inch of length. 

The case is. therefore, analogous to that of a beam uniformly 
loaded and supported at its centre ; or what is, v irtually tim 
^me thing, two beams of length equal to fixed at one end 
/md^oadeq uniferml]^ For, In order to obtain the shearing iorce 
and the bending moment at any section of the beam, x inches to 

either side of W, we have simply to substitute ^ for tc. and 

L for L in equations (IV) and (V). and we get : — 

B.F. - - jf)lba. . . . . (XII) 
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And, B.M: = ^ inch-lbs. . (XIII) 

Under W the shearing force and bending moment are each a 
maximum. Their values may be found by making a? = 0. 

Then the Maximum S.F. ^ W lbs. . . , (XIT^) 

And the Maximum B.M. ^ i W L inch-lbs . (XlII^) 

The diagrams of S.F. and B M. for this case are constructed 

in identically the same way as for a beam lixed at one end and 

carrying a uniform load, but taking ^ L as a base line Instead 

Suppose that, instead of one weight in the middle, the beam 
is loaded with two weights, one at each end^ and each equal to 
W lbs., it is easy to see tliat the cTmdrtion now is that of a beam 
2 W 

uniformly loaded with j lbs. per inch-run and supported at 

each end. We have, therefore, onlv to apply formulae (X) and 
2 W . 

(XI), substituting - | for te, when we get ; — 


.jflbs (XIV) 


And, B.M. - ^ (i L2 x~) inch-lbs (XV) 


Here the shearing force is a maximum when a; = J L, and the 
bending moment a maximum when .r — 0. 

Or, Maximum S.F. - W lbs (XI V^) 

And, Maximum B.M. = ^ W L inch-lbs. . . (X V^) 

The diagrams of S.F. and B.M. are, therefore, in every way 
similar to those for a uniformly loaded beam supported at the 
jends. 

Travelling Loads. — The simplest case of a movable load is that, 
wherein we are given a weight, say a lieavy cylindrical body, 
rolling along a beam, to find the equations of maximum S.F. 
and B.M. ff»r any position of the load, and exhibit these results 
in a diagram. 

Referring to formulae (VI fl) and (IX), and the diagrams 
already deduced tor a fixed load in any position on a beam, we 
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have for the mazimum S.F. to the immediate right of the 
load:— 

S.P. “ W IbB. 

And, ti> the immediate left of the load 

8.P. - - ” W lbs. 

Lt 

For the maximum B.M., which occurs immediately under the 
load:— 

B.M. - — ” W inch-lbs. 

Lt 

Putting tn « a; so that n = L — x, we obtain, when the 
load is X inches from the left end of the beam : — 

W 

The Majrimnm S.F. (jiist to right of the sectioni) ^ ^ x 

W 

„ „ (juet to left of the section) = j^(jr -L) 

And, Maximum B.M. = -^ (L - jr)jr (XVII) ■ 

To construct the diagram of S.F., we observe that its equation 
is that of a straight line, and that to the right of the section 
considered its value is zero when the load just starts from the 
left end of the beam, and increases uniformly as the load 
approaches the other end. That is : — 

When, a: = 0; then, S.F. = 0. 

Also when, x = L ; then. S. F. = W lbs. 

There is also another line for the shear at all positions just 
to the left of the load. This line passes through £, and its 
ordinate is - W at the end A. 

The equation of the B.M. curve is that of a parabola, whose 
axis is vertical, and passes through the middle point of the 
beam, where, of course, the maximum value of B.M. occurs. To 
construct this diagram, we have : — 

When, X ■« 0, or X = L ; then B.M. ■■ 0, 

Also when, x } L ; then B.M. » ^ W L inch-lba 
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Diaqbams ov Maximum S.F. and B.M. for Roixino Tx>ad. 

Two Loads moving at a fixed distance apart.— From the above 
iimple case we may easily pass to a very important practical 
example of moving loads — viz., overhead travelling cranes. 

Here the crane rests on a carriage with four wheels running 
on two rails carried by girders, the weight of the whole machine 
together with the load being equally distributed over the wheels. 
Hence, considering one girder only, our problem is reduced to 
that of two equal loads moving along the girder at a fixed 
distance apart. 



Illustrating Travelling Crank Problem. 


In the figure let W be the weight resting on each wheel, and c 
be the distance between their centres. If the motion be supposed 
to be in the direction shown by the arrow, it is evident that 
until the carriage gets to the middle of the girder the maximum 
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shearing force and bending moment will occur under the leading 
wheel-— that is, if we estimate the shearing force to the im- 
mediate right of the wheel. But as the same thing takes place 
in the reverse order when the carriage moves from the other 
end of the girder in the opposite direction, we shall take the 
section of the girder immediately under the following wheel 
and estimate the shearing force and bending moment for that 
position. This method of procedure will be found to lead to 
simpler equations than if we had taken the leading wheel as our 
point of reference. 

Now, considering the forces acting to the left of the wheel, we 


easily see ; — 
That, 

S.F. - R,. 

And, 

B.M. = Rj X X. 

To find Rj 

we take moments about B, which gives us ; — 

• 

• • 

Rjx L = W{L-(x + c)} + W(L-x) 

„ „ = W{2(L-x)-c}. 

R, = ^{2(L-x)-c}. 

Hence, 

8.F. = |[{2(L-jf)-c}. . . . (XVIir, 

And, 

B.M. = ^{2(L-Jr)-C}jr. . . . (XIX) 


The equation for the S.F. is that of a straight line, and for the 
B.M. a parabola. To find the position and dimensions of those 
diagrams, we see that : — 

When X - 0, S.F. = ^ (2,L - c), and B.M. = 0. 

Again, both S.F. and B.M. will vanish when 2(L-x)-c=»0; 
that is, when a; » L - | • 

To find the maximum ordinate of the B.M. curve, we have 
the condition that, when the B.M. is a maximum : — 

ft 

^{2(L -x)-c}x - 0. 


That is, 
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Or, {(2L — <j)a5 - 2a:*} « 0. 

(2 L - c) - 4 a: = 0. 

XT L 0 

Hence, a: « 2 ** 4 * 

The shearing force diagram will, therefore, consist of two 
straight lines parallel to each other, and the bending moment 
diagram will consist of two equal parabolas intersecting at the 
middle of the girder. The axes of these equal parabolas will 
be equidistant from the middle of the girder and | c units 
apart. 

The following numerical example will elucidate this important 
case much better than a bare examination of fortiiulce : — 

Example IV. — In a travelling crane of 40 feet span the load 
is supported on a carriage which runs upon two similar girders, 
the axles of the carriage being 8 feet apart, and a load of 2^ tons 
coming upon each wheel. Obtain a diagram showing the maxi- 
mum bending moment at every section of the girder, and give 
the numerical values at distances of 10, 15, and 20 feet from one 
end. (Hons. S. A. Exam., 1880.) 

Answer. — A pplying our general formulae, we have, for the 
bending moment at any distance x ft., from one end ; — 

B.M. = ^ [(2L-c)-2x]a:. 

Here, W = 2*5 tons, L = 40 ft., and c == 8 ft. 

B.M. [80-8- 2x]«. 


Or, B.M. = I (36 -») x ft.-tons. 


For the numerical values asked for, we have : — 

When a: = 10 ft.j B.M. = J (36 - 10) 10 = 32*5 ft.-tons. 

When a? = 15 ft.; B.M. = ^(36 - 15) 15 = 39*375 ft.-tons. 

When a: = 20 ft.; B.M. « i (36 - 20) 20 « 40 ft.-tons. 

We have seen, that the B.M. attains its maximum value 
when ; — 



18 ft. 


Hence, the maximum B.M. — i(36~ 18) 18 = 40*5 ft. -tons. 
The S.F. is not asked for in the question, but we here add it 
so as to make the example more*complete. 
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The maximum S.F. occurs when x = 0, and when x *= L, its 
value for this case then being : — 

Maximum S.F. = -^^-(80 - 8) =: 4*5 tons. 

8 

And, like the B.M., it is zero when x = 40 — — = 36 fectw 

Thtr following figure shows the S.F. and B.M. diagrams as 
required for this example. 



Diaoram of Maximum 8.F. and B.M. for a Travellino Crane. 


Distributed Travelling Load. — The last case we shall consider 
is that in which a continuous load of uniform density, and 
long enough to completely cover it, comes on to a girder and 
moves ofi’ at the other end, such as a long train of uniform 
weight passing over a bridge. 



Illustratino Travelling Load of Uniform Intensity. 


In the figure, let to denote the load per unit of length. When 
the load Ls in the position shown, it is clear that the S.F., at 
all points to the right of C, will be equal to ; and that at any 
section D, to the left of C, the S.F. will be less than Rj by the 
weight of the portion of the load covering C D. It at once 
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follows that the S.F. is greatest at C, the front of the load, and 
this is true for all positions of 0. 

Hence, S.F. = 

Taking moments about A, we have 

Rj X L = \ox X J a?, 

“2= 2L’ 

Thatis, S.P. = . (XX) 

The shearing force is, therefore, proportional to the square of 
the length of the part of the load resting on the girder. 

The curve of the maximum bending moment is very easily 
deduced in this case. We have only to remember that the B.M. 
at any Uxtd section in the girder will get greater and greater for 
every additional part of the load that comes upon it ; so that 
when the girder is wholly covered by the load the B.M. at every 
position will then be a maximum. The B.M. diagram is there- 
fore identical with that given for a beam loaded uniformly, 
whilst the S.F. diagram becomes a parabola instead of a straight 
line. 

The following figure shows how the S.F. and B.M. diagrams 
are constructed for this case. 



S.F. IKD B.M. Diagrams f<r Travelling Continijous 
Load of Uniform Intensity, 
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Le(jtuhe XL - Questions. 

1. iielioe **bend%ng rntmieiU^* and y hearing force," A. uniform beam 
weighine 15 cwts. rests on 8uppa:t8 at its ends 20 feet apart. The beam 
is loaded with three weights of 4, 6, and 1 0 cwts. at distances of 2, 7, and 
12 feet respectively from one of the supports. Find the B.M. and 8.F. 
at a point 8 feet from the same support. Ans. B.M. = 98 ft. -cwts. ; 

S.F. = 3 cwts. 

2. A bar of pine 48 inches long rests on props at its extremities, and just 
supports 7 weights, of 14 lbs. each, hung at equal intervals of 6 inches 
along the bar. Find the value of a single weight, which, if hung at the 
centre of the bar, would stress it to the same extent. 

8. A batten of fir, 6 feet in length and supported at its extremities, wiU 
just sustain a load of 520 lbs. when hung at the centre. If this weight be 
removed, and two weights, each equal to P lbs. , be hung at distances of 
2 and 4 feet along the bar, what is the greatest value which may be 
assigned to P ? Ans. .390 lbs. 

4. A beam, 20 feet long, whose weight is neglected, is supported at both 
ends and loaded with 1 ton evenly distributed along its length. Find 
the bending moment at a distance of 7 feet from one end. Ane, 5,096 
ft.4b0. 

5. A beam, whose weight may be neglected, rests on supports at its ends 
15 feet apart. Weights of 10, 6, 5, and 12 cwts. rest on the beam at 
intervals of 3 feet apart, the weight of 10 cwts. being 3 feet from one 
support. Find the points where the maximum bending moment and 
shearing force occur, and obtain their values. Construct the diagrams 
of benmng moments and shearing force for the whole beam. An$, 'fhe 
max. B.M. = 06 ft. -cwts., and occurs at all points between the weights 
6 and 5 cwts. ; the max, S.F. = 17 cwts., and occurs at the point where 
the weight of 12 cwts. rests. 

6. A uniform cantilever, or beam fixed at one end and free at the other, 
10 feet long, weighs 6 cwts. , and carries two loads, one of 2 cwts. at the 
free end, and the other 4 cwts. at its middle point. Construct the 
shearing force diagram for the whole cantilever, and find the shearing 
forces at points 2^ feet and 6 feet from fixed end. Ana. 10*5 cwts.; 
4*4 cwts. 

7. A block of wood weighing 800 lbs., 20 feet long and 12 inches square, 
fioaits in water, and is loaded— 

(1) By a weight of 200 lbs., placed at each extremity ; 

(2) By a weight of 400 lbs. at the centre. 

Show what forces act on the beam, and draw the curves of shearing force 
and bending moment for each case. Ana. (1) B.M. 1,000; S.F. 2w); (2) 
B.M. 1000; S.F. 400 lbs. ft. units. 

8. A girder is supported at both ends, and has a clear span of 30 feet. 
Show by means of a curve the position and magnitude of the greatest 
bending moment produced by a lo^ of 20 tons as it rolls from one end to 
the other of the girder. Obtain the numerical results for distances respec- 
tively of 10 and 15 feet from one end. Ana. 133*3 and 150 ton-feet. 

9. Prove an algebraic formula to show that, with a continuous load of 
uniform intensity passing over a beam A B such as when a long train 
passes over a bridge A to B, the maximum shearing stress to any point 
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K of the beam occurs ^hen the part A K is fully loaded ivhile the part 
K £ is entirely unloaded, and that the magnitude of the stress is propor- 
tional to the square of the distance of K from the point A. A train of 
1 ton per foot run, and upwards of 100 feet in length passes over a bridge 
of 100 feet span ; what would be the maximum shearing force at distances 
of 25 to 50 feet respectively from one end of the bridge? Show how to 
determine graphically the shearing forces in the beam. Ans, Shear = 3*125 
tons at 25 feet ; 12*5 tons at 50 feet. 

10. Show how to obtain, and sketch the diagrams of maximum possible 
bending moment and maximum possible shear for a uniform rolling load of 
a given amount per foot run, as it passes over a girder of given span. 

11. A girder of 22 feet span is supported at the two ends, a load of 10 
tons rests on a point 2 feet from the left end, and two other loads of 6 and 
7 tons respectively, at distances of 7 and 13 feet respectively from the first 
load : find the bending moment in inch-tons under each load, and also the 
shearing force. Ans. B M at C = ton-inches ; B M at D = 2,370^^ 
ton-inches ; B M at E = 683f y ton-inches ; S F at C = 14J{ tons ; S F 
between C and D ~ J tons ; S F between E and B *= tons : S F 
between E and D = 1^^ tons ; total at D = 6 tons. 

12. A steel joint is used as a girder on a span of 17 feet 6 inches, and is 
freely supported at the two ends. It carries a uniformly distributed load 
of 18 cwts. per foot run, and two concentrated loads, one of 3 tons 3 feet 
from the left-hand support, and another of 1{ tons 10 feet from the same 
end. Find the bending moments in inch-pounds under each of the concen- 
trated loads, and also at the centre of the girder, and also the shearing 
forces in pounds at each of these points. Sketch the bending moment 
diagram for the whole girder. Ans. BM under 3 tons s: 780,444 lb.- 
inches ; BM under centre of girder *= 1,122,660 lb. -inches ; BM under 7| 
tons = 1,212,480 lb. -inches. 

13. A girder, supported at the two ends, is 10 feet long, and is loaded 
uniformly with a load of 4 ton per foot run, and also carries a weight of 3 
tons placed 2 feet from one support. Sketch the curves at shearing force 
and bending moment, and find their numerical values at the centre of the 
span and at a section immediately under the concentrated load. Ans. 
BM at centre of span = 9*26 ton-fcot; BM under concentrated loads 
8*8 ton-feeU 
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Lbcture It. — I.C.E. Questions. 

% 

1. A log of wood, 20 feet long, of uniform crosa-suciion, floats in water 
and carries two weights, each eijii il to 1 cwt., at di^stauces of 4 feet from 
each end. Sketch, roughly to scale, the diagrams of shearing force and 
bending moment on the log. 

2. A girder 20 feet long carries a distributed load of 1 ton f)(*r lineal foot 
over 6 feet of its length, the load commencing at .'1 feet from lin'. left hand 
abutment. Sketch the shearing force and bcnding-momeriL diagrams and 
find, indepOndeutly, the magnitude of the maximum bending momi iii and 
the section at which it occurs. Ann. 217 ton-fcct, IM (I b et from ngiit- 
hand support. 

3. A girder, 40 feet long, rests on two supports at distances of 10 feet 
from the ends. It is loaded with a uniformly disti ihuted load of ^ ton 
per foot run, and a concentrated load of 10 tons at the ciMitre. l)raw, 
to scale, diagrams of bending moments and shearing forces. 

4. A cantilever 30 feet long is built in at one end, and when unloaded 
touches, but does not exert pre.s.sure on, a support at the other end. It is 
loaded with a uniformly <listributed load of lOcwts. per foot run I)raw 
diagrams of bending moments and shearing forces, and find the position of 
the point of contraflexure (assume reaction at fixed end - § total hjatl;. 
Ana. B.M. = 56*26 ton-feet ; shear = 9*37 tons at fixed end; shear at 
other end = 6*6*2 tons ; point of contraflexure 7*5 feet from wall. 

5. A wire is carried across a series of equal spans a b, b c, lVc., of *240 feet 
each, the weight of the wire in each span being 400 lbs. Tne span a b has 
a dip of 3 feet, and 6 c a dip of 2*5 feet, the wire being attached at b to the 
top of a vertical post 20 feet high. Find the bending moment at the base 
of the post. Ana. 16,000 lb. feet. 

6. A floating beam of timber of uniform section and 20 feet long carries 
three equal loads ot 400 lbs. each, one in the middle of its length, and one 
at each end. Find the bending moment at the centre, and sketch the 
whole diagram of bending moments. -4?^. I.OIX) lb. -feet. 

7. A beam 20 feet long is supported on two supports, 3 feet from each 
end of the beam. Weights of 10 lbs. and ‘20 lbs. are suspemied from the 
two ends of the beam. Draw, to scale, the bonding nuunent and slu'aring- 
foroe diagrams; and, in particular, estimate their values at the central 
section of the beam. Ana. B.M. at supports = 30 and 60 lb. -feet; at 
centre = 46 lb. -feet. Stearing forces 10, 214, 20 ll's. 

8. A girder crossing a span of 408 feet is traversed by a railway train 
having the uniform weight of 1 ton per foot ; and the train, whosi* letii:th 
is greater than the span, may enter the bridge from eitlicr end. Find the 
greatest positive ana negative values of the resulting shearing force at a 
section 100 feet from either abutment, and sketch the diagram of maxima. 
Ana. 112*6 tons ; 12*6 tons. 

9. Show how the same question can be determined when the train 
consists of one or two heavy locomotives followed by lighter carrying 
stock. 

10. Sketch approximately to scale bending moment and sliear diagi ims 
for a beam supported at its ends and loaded half way along with a 
uniformly distributed load. Show how to find the maximum bending 

moment. 

2 


4 
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11. The side elevation of a cantilever 6 feet long is triangular, the depth 
increasing from 0 at the extremity to 12 inches at the wall into which it is 
fixed, the breadth is 3 inches, and the cross-section is rectangular. Sketch 
diagrams to show the distribution of tension, compression, and shear at the 
wall caused by its own weight. 

12. A number of small web-plate girders were designed to carry a distri- 
buted test load of 100 tons each ; they were tested at the contractor’s yard 
by placing two girders back to back about 3 feet apart, with slings at the 
ends, and applying a hydraulic jack between the girders at the centre, 
pressing against the two simultaneously with a pressure of 50 tons. Was 
this a fair test to all parts of the girder? State the reasons for your 
answer. Ans, Yes, as regards strength. 

13. A plank of wood, of specific gravity 0*7> 12 feet by 1 foot by 1 inch 
thick, rests in water in a horizontal position and carries concentrated loads 
of 5 lbs. at each end. What is the bending moment in the centre of the 
plank? Ana. 180 lb. -inches. 

14. A uniform iron beam, 10 feet long, weighing 600 lbs., rests on two 
rollers, the centres of which are 1 foot and 6 feet from one end. If the 
beam be rolled forward 3 feet, what will be the pressures on the two 
rollers in its new position ? Ana. 300 lbs. on each. 

15. A beam 40 feet long resting on the ends is loaded with three weights 
of 5j 10, and 15 tons placed 10 feet apart, the 15-ton weight being at the 
centre of the span. Draw the diagrams of the bending moments and the 
shearing stresses. Ana. B.M. 162 5, 225, 137 '5 ton-feet; shears 16i, 6^, 
13^ tons. 

16. A beam, 20 feet span, supported at both ends, carries a uniform load 
of i ton per foot run, distributed over its length ; also two concentrated 
loads of 4 tons and 6 tons, at 4 feet and 12 feet respectively from the right 
support. Draw the curves of shearing force and bending moment for the 
whole span. Calculate the value of the bending moment at a section 
9 feet from the right support. 

17. A girder, 50 feet span, carries a uniform fixed load of ) ton per foot 
run. A moving load, assumed of uniform weight, IJ tons per foot run 
(of length greater than the span), travels over the girder from one end. 
Find the section at which the shearing force changes sign. Is this the 
section where the bending moment is greatest, and if not, where is it ? 

18. A girder A B C D, 50 feet long rests on two piers, at B and C 30 feet 
apart, the ends A and C overhanging the piers by 10 feet. The 30 feet of 
girder between the piers B and C is loaded with a uniform load of 1 ton 
per foot run. At the end A is a weight of 12 tons, and at the end D a load 
of 8 tons. Draw the bending-moment and shearing-force diagrams for the 
whole girder. Calculate the bending moment at a section 12 feet from B 
in the portion B C. 

19. A beam, 24 feet long, is uniformly loaded with 10 tons for three- 
quarters of its len^h, beginning at one abutment ; find the value and 
position of the maximum bending moment. 

20. A road bridge of 60 feet ellective span carries a travelling load of a 
vehicle on four axles. A, B, C, and D, A = 5 tons, B = 5 tons, C = 3 tons, 
and D 3 tons. The distance between A and B = 7 feet 9 inches, between 
B and C - 7 feet 9 inches, and between C and D - 7 feet 9 inches, the 
total wheel-base being 23 feet 3 inches. Determine the position of the 
vehicle on the span when the bending moment under B is a maximum. 
State the amount of the bending moment. 

21. Draw the bending-moment diagram for a continuous girder of four 
spans of 100 feet of uniform depth and section, and carrying a uniformly 
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distributed load of 1 ton per lineal foot on each end span, and 2 tons per 
lineal foot on each of the two spans on each side of the centre. State the 
amounts of the bending moments at each pier and at the centre of each 
span. 

22. A sluice-gate consists of an outer frame 20 feet square, the top and 
bottom girders of which are connected by vertical ribs spaced 3 feet 
4 inches apart, centre to centre, and covered by plating. The highest 
water-level coincides with the top of the gate. Calculate the load on one 
rib and determine the position and amount of the maximum bending 
moment and the amount of shear at each end. Fresh water weighs 62J 
lbs. per cubic foot. 

23. A steel rail is 32 feet long and weighs 100 lbs. per yard. It rests on 
two supports, one at one end of the rail, the other at a point 10 feet from 
the other end of the rail. Find the position and amount of the maximum 
bending moment and shear when a weight of 200 lbs. hangs from the free 
end. Construct the bending-moment and shearing-force diagrams for this 
rail. Ans. Max. B M = 3,667 lb. -ft. ; max. shear = ± 533 at 10 ft. from 
one end. 

24. A girder has a span of 40 feet, and two rolling loads of 10 tons and 
15 tons respectively 10 feet apart pass over it. Find the maximum bending 
moment which can occur at any section and the maximum shear, and 
construct diagrams of maximum possible bending moment and shear. 
Ans, Max. BM = 302*5 ton-ft. ; max. shear 22*5 tons. 

25. In a bridge, 120 feet span, with eight bays, the main girders are con- 
nected together by a trough flooring, on which a uniform live load of 2 tons 
per foot moves. Draw the positions of the moving load which would give 
a maximum stress in the braces. 

26. Compare the loads which can be safely carried at the centre of a bar 
12 feet long, 6 inches deep, and 2 inches broad, and of a girder of the same 
length and cubic contents whose overall depth is 14 inches and breadth of 
flange 4J inches, thickness of web J inch. .47?s. Ratio = 1:5. 

27. A girder 70 feet long carries a unib^rm load of 2 tons per lineal foot 
from one end to the middle, and a load of 20 tons at 20 feet from each end ; 
draw the bending-moment and shoaring-force diagrams. Am, Reactions 
37*5, 72*5 tons. 
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LEOTTJRE III. 

Contents. — Resistance of Beams to Flexure — Examples I., II., ITI., and 
IV. -—Thin VVrought-Iron Girders — Example V.— Curvature and De- 
flection of Beams — Example VI. — Uniform Beam on Three Supports 
— Uniform Beam fixed at one end and supported at the other - Beams 
fixed at both ends and loaded at centre — Beams fixed at both ends and 
loaded uniformly— Thick Pipes— Example VMI.— Questions. 

Resistance of Beams to Flexure. — In the previous Lecture we 
saw that the effect of loading a beam was to give rise to both 
shearing and bending. 

From the theory of couples set forth in Vol. I. we know that 
nothing but a couple can balance a couple. The resistance 
which a beam offers to bending must be of this nature, and 
therefore a couple of equal magnitude to that of the applied load, 
but of opposite tendency. The tendency of the applied couple 
is to bend or curve the beam, whilst the tendency of the 
induced couple is to oppose this curving action. 

When a beam is curved the longitudinal fibres on the convex 
side of it are stretched beyond their normal length, and con- 
sequently they are in tension. On the concave side the fibres 


o 



are shortened, and, therefore, they are in compression. Some- 
where within the beam there must be a layer of fibres that are 
neither lengthened nor shortened, and are therefore unstressed. 
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This layer is termed the neutral avr/ace of the beam, and the 
intersection of this surface with any cross-section of the beam is 
termed the neutral axis of that section. The neutral axis is of 
fundamental importance in the theory of beams, because it is the 
fulcrum about which both the bending and resisting couples act. 

We shall now find the position of the neutral axis of any 
given section of a beam. 

Let I be the length of a small portion of the neutral surface ; 
V that of a i)arallel layer of fibres on the stretched side of the 
beam, and at a distance from the neutral surface. If I 
when the beam is straight, it is evident that the amount of 
stretch in the fibres at distance, y, from the neutral surface will 
V - I 

be I' - Z, and the strain — — . Let p denote the radius of cur- 
vature of the neutral surface at the cross-section bisecting L 
Then the radius of curvature corresponding to V will be «= ^ + y. 


Hence, 


P " V 


yJji. 

F I 


If f be the tensile stress at distance y, from the neutral axis, 
and L the modulus of elasticity of the material, we already 
know tiiat : — 

stress g 
strain ’ 


Or, 


/ 
■ I 


E. 


Substituting 


y. 

p 


for -j- , and inverting, we get : — 
F E t/ 


(I) 


If we had considered in the same way a layer of fibres at a 
distance ?/. to the concave side of the neutral surface, and 
denoted the stress there as (the minus sign indicating com- 
pressive stress), we should have arrived at the ecjuation 


1 -f 


(I.) 
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Let a be A small element of the oross-sectional area at a 
distance then on the one side of the neutral axis we have for 
the total resistance to tension : — 


2af=^2ay (II) 

\ ^ 

On the other side of the neutral axis the total resistance to 
compression is : — 

(II.) 


But these forces constitute a couple, and are therefore equal. 
Hence, equating the right hand members, we have, neglecting 
E 

the common factor, ~ : — 2 a y = 2 a y'. 

The neutral axis, therefore, passes through the centre of area 
of each cross-section. If, however, E be not the same for Tensile 
and Compressive stresses, then the N.A. will not pass through 
the centre of the area, but will lie to the side having the greater 
value of E. 

fTo obtain the magnitude of the resisting couple, we multiply 
the resistances, a f and o by their respective distances, y and 
y', from the neutral axis, and sum up these products for the 
whole section. Thus, from equation (II) the total moment of 
resistance on the convex side of the neutral axis is : — 

2a/y = ^2oy*; 

And on the concave side : — 

-2a/'y'= ®2«y'*. 

The sum of these results constitutes the total Resisting 
Moment, B.M., for the section. 

Hence, R.M. = ~2ay* + —2 ay'*. 

^ f 

There is now no longer any need for distinguishing between 
y and y\ since the process of summation is the same all over the 
oposB-section. We, therefore, hnaily get : — 

B.M. = ®2ay* (Ill) 

The quantity 2 ay*, being a purely geometrical function, 
depending only on the form of the section, is termed its 
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Moment of Inertia, and is usually denoted by the symbol I, and 
sometimes by the product (see Lecture XII., Vol. I.). 

Table IL, L^ture XIL, gives the values of k- for most of 
the sections required in the following examplea These multi- 
plied by A will give the required values of I. 

Writing I for 2 a our equations become : — 

B.M. 

Or, the curvature,— 

P 


= R.M. = 


El 


M 

El* 


(IV) 


Where M stands for either the B.M. or K.M. 
Again, from equations (I) and {!„), we get ; — 

/ _ E M \ 

y--- = I 
M = /i 

Or, / = ^ y j 


(V) 


Formulae (IV) and (V) are the fundamental equations of the 
theory of the strength of beams and girders. In applying the 
latter equation, it must always be borne in mind that f stands 
for either the tensile or compressive stress at any distance y, 
above or below the neutral axis. 

The greatest stress comes on the fibres farthest from the 
neutral axis, and is the principal efiect to be considered in 
questions of strength. If this is amply provided for, the beam 
will be safe. Let y now denote the distance of the fibres farthest 
from the neutral axis : — 

M I 

Then, = -j x y - M 

The ratio 1 is usually denoted by Z, and is called the Modnlns 
of the Section. 
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Hence, writing Z for - , we have 

y 

f =“ 

J moot. 2 

Or, M = Z/^ 


(VI) 


In Applying this equation the student must be careful to 
remember that in tliose cases where the section of the beam or 
girder is not symmetrical about the neutral axis, there will be 
two values of y to be taken into account, and therefore two 
values of Z. On the whole, we think it safer to adhere to the 
general formula (V) as being less likely to lead to confusion; at 
the same time, it is very convenient to use equation (VI) in 
taking out quantities in the drawing office by aid of tables since 
it reduces the work of calculation. 

Example I. — A floor joist, 12 inches deep and 3 inches broad, 
has a span of lo feet, and carries a uniformly distributed load of 
1 cwt. per foot-run. Find the greatest intensity of stress within 
the timber. 

Answer. — In problems involving the calculation of stress 
within the beam, the student will find it best to express all 
dimensions in inches, and, therefore, bending moments in inchr 
lbs, or inch' tons as the case may be. 

In this problem the greatest stresses will occur at the middle 
of the joist where the bending moment attains its maximum 
value, which, in this case, is : — 


Max. B. M. — ^ w inch-lbs. 

Here, w ~ lbs. 

And, L = 15 X 12 inches. 

B.M. = I X (—) X (16 X 12)* inch-lb& 
Or, B.M. = 14 X 15 X 16 X 12 


The value of I for a rectangular section is 
I = ^ (breadth) x (depth)*, 

Or, I = X 3 X 12» - 3 X 12 X 12. 
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The greatest stress at the middle section of the joist will 
occur in the fibres farthest away from the neutral axis. Hence ^ 
y 6 inches. 

Applying equation (V) we have ; — 


^ B.M. 

/- — y. 


14 X 15 X 15 X 12 
3 X 12 X IT 


625 lbs. per sq. in. 


Example II. — A uniform beam of oak, 10 feet long, 15 inches 
deep and 10 inches wide, sustains, in addition to its own weight, 
a load of 6,000 lbs. placed at the centre. Find the greatest 
bending moment and the greatest stress in the fibres. 

The specific gravity of oak is 0*934. 


Answer. — Here the greatest bending moment takes place 
at the centre of the beam and is made up of two parts : ( 1 ) that 
due to the beam’s own weight which is uniformly distributed 
along its length ; and (2) that due to the 5,000 lbs. concentrated 
at its middle. 


For (1), B.M.j = ^ wlr inch-lbs. 

And for (2), B.M.g = ^ W L 

Total, B.M. = ^ 0/ W L inch-lbs. 

Taking the weight of a cubic inch of water as 0*036 lb., then 
a cubic inch of oak will weigh 0*934 x 0*036 = 0*0336 lb. 

to -0*0336 X 15 X 10 = 5*04 lbs. 

And, B.M. = i X 5*04 X (10 X 12)2 + i X 5^000 x (10 x 12) 


Here, 

And, 


-9,072 + 150,000 = 159,072 inch-lbs. 


1 — X 10 X 15* = ^ X 6 X 5 X 15 X 15 


y — ^ X 15 inches. 


/ = 




B.M. _ 169,072 

I Jx 5x5x15x15'' 

424*1 lbs. per sq. inch. 


ixl6 


Example III. — A round steel spindle 10 inches long, and held 
at one end, revolves at the rate of 150 revolutions per minute 
round a vertical axis, to which the axis of the spindle is parallel 



68 


LBCTURB III. 


and from which it is 2 feet distant. The spindle has a uniformly 
distributed load, the whole revolving weight being 30 lbs. 
What should be the diameter of the spindle when the safe 
working stress of the material in tension or compression is taken 
at 25,000 lbs. per square inch ? 

Answer. — The spindle in this problem may be likened to a 
beam fixed at one end and carrying a uniformly distributed load. 
The load being not the revolving weight of 30 lbs., but the 
centrifugal force of that weight due to its being whirled round 
at the rate of 150 revolutions per minute. 


Velocity of spindle. 


150 X 2 cr X 2 
60 


10 AT ft. per sec. 


Centrifugal force, 


30 X (10 X _ 1500 X -!r2 

32 x"~2 “ ‘32 


This force, multiplied by half the length of the spindle, gives 
QB the bending moment at the fixed end of the spindle : — 


That is, 


B.M. = 


1500 


32 


X 


10 

Y 


inchdbs. 


If D be the diameter of the spindle in inches, then from Lecturt 
XII., VoL 1., we get : — 


The Moment of Inertia, I 
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D* 


And the Modulus of Section, Z 



Now, /Z =« B.M. ; and, f = 25,000 lbs. per sq. inch, 
ni. -S' 1500 10 

26,000 X 32 — X 

Or, D» = 0-3 X ^ = 0-94248 

Hence, D « 4^()’94248 * 0*98 inch. 


Example IV,-— The section of a cast-iron girder, and the 
maximum safe tensile and compressive stresses being given, 
explain how to determine its moment of resistance to bending, 
i^he dimensions of the section of a cast-iron girder are the 
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following: — Top flange, 4 by inches; bottom flange, 12 by 
If inches ; web, 16 by inches. Determine the moment of 
resistance, the greatest permissible tensile and compressive 
stresses being 2^ and 7^ tons per 
square inch respectively. If the girder h • 

be 20 feet long, and is supported at 
its two ends, find the greatest safe load 
which it will carry when uniformly 
distributed along its length. 

Answer. — As this is an excellent 
example for showing the student how 
the R.M. of a girder section is cal- 
culated, we shall go into the matter 
in detail. Let the accompanying 
figure, represent the cross-section in 
question. 

We have first to find the position 
of the neutral axis N A, by writing 
down the sectional areas of the 
parts composing the figure, and 
taking moments about the lower 



Area of top flange « 4x1^= 6 sq. in. 
„ bottom „ = 12 X IJ 21 „ 

>, web « 16 X 1^ = 24 „ 

Total area of section * 51 „ 


Then, since N A passes through the centre of area of the 
section, we have : — 

61 X - 6 X 18i + 24 X 9} + 21 X S = 363|. 

3638 

• • ^ 51 


And = 19i - 7| = 12^. 

We calculate the value of I, the moment of inertia of the 
section about the neutral axis, by finding that for each of the 
parts into which the section is divided and taking their sum. 
As the neutral axis does not pass through the centre of any of 
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those parts, we shall have to employ Prop. I. of Lecture XII., 
VoL I., to which we again refer the student. 

Remembering that the moment of inertia of a rectangular 
area about an axis through its centre of gravity is : — 

(breadth) x (depth)*, we have : — 

For top flange, I< a x 4 x (1^^)* + 6 x (Ilf)*. 

„ „ „ • M25 + 776-343 -777-4(18. 

For bottom flange, I^ == ^ ^ 

„ „ „ - 5-359 + 820-312«825 G71. 

For web, !«, * x 1^ x (16)* + 24 x (2J)2. 

„ = 512-0 + 165-375 = 677-375. 

For whole section, I = 777*468 + 825*671 + 677-375 == 2280*5.* 


To illustrate what we said about the moduli of unsym metrical 
ieotions, we shall find both moduli for this example : — 

For tension, Z| « i 320 0. 


For compression, - 


2280^-5 

12-125' 


188-0. 


The question gives as the greatest permissible values for : — 
Tensile stress,^^ = 2-5 tons per sqr. inch. 

Compressive stress,^ = 7*5 „ „ 

Since, R.M, = ^ffnaa must take the lower of the two 
values of R.M. in fixing the load to be carried by the girder. 
These are : — 

Zi X =s 320 X 2*5 « 800 inch-tons. 


And, X ^ = 188 x 7*5 = 1410 inch-tons. 

/. B.M. - R.M. = 800 inch-tons. 


* Another and rather shorter method of finding I for this form of section 
is to (1) produce the sides of top and bottom tlanges to meet tlie neutral 
axis N A, (2) calculate the moments of inertia of the two full rectangles 
thus formed, (3) subtract from their sum the moments of inertia of the four 
rectangular areas which are in excess of the section of the beam. All these 
moments may be found by the formula £ = B x which will only 
require to be used four times as the blank rectangles on each side of the 
are equal in pairs. 
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The girder will, therefore, safely carry a uniformly distributed 
load, given by the equation : — 

= 800. 

W = =. 26| tons. 

This will make the maximum compressiye stress 


/< 


c max. — 


^0 

188 


4*255 tons per sq. inch, 


instead of 7*5 as given ; showing that the girder is not well 
designed. 

In a ])roperly proportioned section we should have : — 


Z, X /, = X 

steel I Beams.* — In the case of mild steel girders where 
the flanges are thin compared with their distance apart, and 
where the bending resistance of the web is practically 
negligible^ formulae for the moment of resistance are very 
simple. 


Let A — Area of each flange. 

D ^ Distiince between centres of flanges. 
/ = Mean stress in each flange. 


If the flanges are thin we can neglect the variation of stress 
over them and so may regard equal and opposite forces, each 
equal to /A, acting at the centre of the flanges. 

These two equal and opposite forces form a couple whose 
moment (the moment of resistance) must be numerically equal 
to the bending moment since the beam is in equilibrium. 

We thus have 




/"A D = bending moment - M ; 


f- 


M 

AD 


Wc could obtain a similar result from a consideration of the 
moment of inertia. By noting that, as the flange is thin and 

* For properties of British Standard I Beams, aee Appondiv 
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the web nenliinble. we may write 



Example V. — A wroiight-iron riveted girder of I section 
has a top flange of 9 square inches in sectional area, and a 
bottom flange of 8 square inches. The distance between the 
centres of gravity of the flanges is 12 inches, and the ends 
of the beam rest on abutments, 16 feet apart. The girder 
being loaded uniformly with a load equal to 1 ton per lineal 
foot (including the weight of the beam). What would be 
the mean stress per square inch on the metal in each flange 
at the dangerous section 1 The resistance of the web to bending 
is neglected. 

Antswer. — By ‘‘dangerous section' is here meant the middle 
section of the girder, where the maximum bending moment 
occurs. (8ee equation (XIJ of Lecture IL, Vol. II.) 

Max. B.M. ^ ^ 12)^ « 32 X 12 inch -tons. 

Hence, mean stress in tension flange, 

32 X 12 

/J 4 tons per square inch. 

And, mean stress in compression flange, 

32 X 12 

•4 “ ~9 "x 12 “ 3*55 tons per square inch. 

Curvature and Deflection of Beams.— When we speak of the 
curvature or the deflection of a beam we mean that of its 
neutral surface. 



curvature of beams. 


63 


If the beam is fixed at one end, we take the origin of co- 
ordinates at that end ; but if supported or fixed symmetrically 
at both ends, we take it at the middle. 

Let the co-ordinates of the neutral surface curve be denoted^ 
as usual, by x and then the deflection of the beam at any 
distance x, from the origin will he measured by y and the 

dy 

tangent of its inclination to the horizon by 

The equation of the curve into which the beam is bent will 


be:— 


y^(p{x). 


Where p (x) is a function of a; to be determined for each 
particular case. 

In treatises on the analytical geometry of plane curves it is 
shown that the general expression fbr radius of curvature is : — 


, {-(^)r 

da^ 

Although of great importance, in the theory of beams is 

always such a small fraction, that its square becomes a perfectly 
negligible quantity in coniparison with unity. We may, there- 
fore, safely disregard the value of iJi the above formula, 

j . d^y 1 

and write , „ ~ — . 

dx^ p 

But by equation (IV) of this Lecture we know that : — 


P 


jd . fy ^ 

El* dx^ E I 


(VIII) 


In what follows we shall assume that the beam or girder is of 
uniform section so that I is constant, the more general cases 
where I varies being rather beyond the scope of this treatise. 

We shall begin by working out the following example, which 
will form a good introduction to this rath(T mathematical part 
of our subject. 

EiXAMPLK VI. — investigates formula for calculating the amount 
of deflection of a beam supported at its ends and loaded uni- 
formly. Find the deflection in a beam of timber of uniform 
rectangular section, 6 inches wide and 1 2 inches deep, the beam 
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being supported at its ends in a horizontal position on two walls 
1 2 feet apart. There is to be taken into account a single con- 
centrated load of 4,000 lbs. at the centre, and a uniformly dis- 
tributed load of 2,500 lbs., the modulus of elasticity being 

I, 750,000 lbs. per square inch. 

Answer. — Taking the middle of the beam as the origin of co- 
ordinates, we have already proved (see equation (XI) in Lecture 

II. ) that the bending moment at x inches from this point, in 
the case of a beam L inches between supports, and loaded 
uniformly with tv lbs. })er inch-run, is : — 

B.M. = X-) inch-lbs. 


Substituting this in formula (VIIl) we get : 




w 

~ XEI 

(iL*- 

X*). 

Now, 

multiplying 

both sides by 

dx, and 

have : — 





dy io 

dx'° 

/(iL* 

- X*) dx. 

Or, 

dy 

dx 

w 

~ 2EI 

(iL** 



This needs no correction because 


d X 


0, when « =» 0. 


Integrating a second time, we get : — 

V = 2EI / 


Or, (IX) 

This also requires no correction, as x and y vanish together. 
Now, let Aj denote the deflection of the beam for the distri- 
buted load : — 

when X ^ L. 

Or, 4,- g”,|JL'(JL)*-*(*L)*). 

m 

in the case of a beam carrying a single load of W lbs. at its 
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middle point, the bending moment due to that load at x inchftt 
from the middle point (Equation (VII), Leqture II.) is : — 

B.M. = i W (J L - a;) inch-lbs. 

, d^y W /I T \ 

The first integration of this equation gives : — 

^ T 1 9V W /T 

dx **). 

And the second integration : — 

W 




If A 2 be the total defiection in this case, then Aj is the value 
of y when re = ^ L. 

= 


WL3 . 


48 E I 


inches. 


(XII) 


If the beam carry both loads at the same time, as given in 
the question, then the total defiection due to the two loads 
will be : — 


5 f/; T> W 
“ SSI E l ^ 48 E f 

Or, A = 48 E I ^ ^ 

The numerical data given are : — 

L = 12 X 12 inches. 

I ^ ^ ^ X ^ X 12» - 6 X 12«, 

W = 4,000 lbs. 
to L = 2,500. 

And, E = 1,750,000. 

. A (12 X 12)» ^ 2 500 + 4.000) 

* * ^ 48 X 1,750,000 X 6 * 12* ' 

A « 0-2288 inches. 


2 


5 
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Uniform Beam on Three Supports.— Suppose we are given a 
unitonn beam resting on three supports all on the same level, 
to find the pressure on the middle support. 

It is clear that if the middle support were taken away, the * 
weight of the beam would cause it to bend down at the middle 
[as found above by equation (X) J through a distance 




384 £ I 


inches. 


We have also seen by equation (XII) that a single concentrated 
load of W lbs. applied at the middle of the beam would produce 

WL* 

an amount of deflection, Aj = ^ ^ inches. 

This gives us the upward deflection caused by the reaction of 
the central support if we put its value, P, instead of W in the 
equation. ^ 

The total deflection will be zero if all three supports are on 
the same leveL 

P L» 5 
48 E I “ 384 E V 
P =* I to L. 

The pressure on the middle support is thus seen to be | of the 
weight of the beam ; whilst the end supports each carry of 
the weight. 

Uniform Beam Fked at one End and Supported at the other. — 
If tv be the weight of the beam in lbs. per inch-run and L its 
length in inches, then, we already know that at x inches from 
the fixed end, the 

B. M. = J u; (L - xy inch-lbs. 

Putting this value of the B.M. in equation (VfTI), we get:— 


Then, 

Or, 



w 

dx* ™ 

2EI 

dy 

w 

dx ~ 

2ll 


to 

n = 

2'EI 


to 

y - 

2ETj 


w 

V - 

21BI 


w 


- 2Lx + a2)<ix 


(Xlll) 
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This last equation gives the droop of the beam at any distance 
85, from the fixed end. At the free end let be the value of y 
when 05 = L. 

Then, A, = inches (XIV) 


Let P be the upward pressure in lbs., between the beam and 
a support placed under its free end. The bending moment, due 
to P, at 05 inches from the fixed end is P(L ~ 05) inch-lbs. 
Hence, the curvature produced by P will be : — 


dy P f/x VI ^ 1 o 

*’■ ^ ^ El 

And. y = ^J(L* = 2Ei(Lx2-4jf*) . (XV) 
When 05 = L, let y - A^. 

PL» 

A2 = 3^ inches (XVI) 


If Aj Aj, the supported 
level as the fixed end. 

PL* 

Then, q ip t 


end will be raised to the same 
w lA 

" on* 


Or, 


P = fw^Llba 


This result shows that the pressure on the prop is equal to f 
of the weight of the beam. 

It will be instructive for the student to observe that this 
result might easily have been inferred from the previous case of 
a beam resting on three props. 

In that case the part of the beam immediately over the middle 
support is in exactly the same condition as the fixed end of the 
beam in this case ; so that whatever is true of each half of the 
beam in the former case will here hold good for the whole beam. 
The pressure on the end supports is, therefore, identical in mag- 
nitude in each case ; because ^ of tlie weight of the whole beam 
is the same thing as 4 of the weight of each half. 

Beam Fixed at Boui Ends and Loaded at the Centre. — When a 
beam is fixed, or built horizontally into a wall at both ends, the 
fixing causes a bending moment which is constant all over the 
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beam. For the reaction of the left support in keeping the beam 
horizontal is equivalent to a force P, acting downwards at some 
distance I, to the left of that support, and an upward force I*, 
at the support. The bending moment at the support is then : — 

M, = P X 

And, at any other point, £, of the beam, at a distance, z (less 
than half the span from the support), the B.M. caused by this 
reaction at the support is : — 

B.M. = P(z + Z) - Pz - = M,. 

Oonsequently, the fixing at the ends causes a constant B.M. 
all over the beam, equal to that at the suj^ports, in addition to 
that caused by the load {but in tJte opposite direction). 



Taking our origin of co-ordinates at 0, the centre, and the 
undeflected axis, or neutral line of the beam, as our axis of x, 
we have, at a section D, dintant x from C : — 

B.M. = R,{iL-a:)-M. =|W(iL-x)- M. 


Hence, from eqn. 1 \ m 

(VIII), E I 


> 


iv. 

d X 


iW (L* - *2) - M,*} 


Ibe beam is horizontal at the centre and at the ends, therefore 


^ Is zero when x is zero, and when x » 


'Jt. 


0- ET< - *M.l| 

M. -- i W L 


BEAM FIXED AT BOTH ENDS. 




Inserting this value in the above equation for the B.M. we 
get 

B.M. = iW(^L - a-) - JWL 

Or, B.M. = |W(|L - jr) . (XVII) 

At the centre, B.M. = L * M, 

Maximum B.M. « M, « L (XVIII) 



B.M. Diaoram 70R Bkam Fixed at Ends and Loaded at Centre. 


We thus see that, in this cas(3 the fixing of the ends reduces 
the maximum B.M. to half what it would be with free ends, and 
that this maximum B.M. occurs both at the centre and the 
ends. 

The B.M. diagram is similar to what we had for a beam 
simply supported, but the base line is shifted half way down the 
diagram, so that it is crossed at F and G by the lines representing 
the B.M. It will be seen from equation (XVII) that the B.M. 
is zero where a: = J L, and that it i.s positive on one side of this 
point, and negative on the other. This is one of the points 
where the B.M. curve cuts tho base line, and it is called a point 
of inflection ot point of conb aflpxure, because the beam is straight 
just at that point and the curvature changes sign. There is, of 
course, another point of intlectiuu at the distance ^ L on the 
other side of the centre. 

In large girder bridges that part of the span betweim the two 
points of inllection i.s made separate from the remainder and 
rests on rollers at these points. This allows freedom of expan- 
sion without reducing the strength of the bridge. 


Integrating the value of 


(iy 


we get : — 


y - kT ^ i (i L** - J **) - iV w 
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Therefore, at the ends, where a; * ^ L : — 



WL» 
192 Er 


Hence, the difference of level between the centre and the ends 
ia 


WL^ 
192 E I 


(XIX) 


This is only one-fourth of the deflection when the beam 
simply rested on its supports (Equation XII), so that the beam 
is now four times as stiff. 

Beam Fixed at Both Ends and Loaded Uniformly. — Taking 
axes as before, the B.M. at any section, D, is ; — 

B.M. = Rj (i L - a:) - i (i L - a;)2 - M,. 


Or, B.M. - i to L (i L - a?) - i w (i L* - L X x2) . m. 



Beam P'ixed at both ends and Loaded Uniformly. 


In this case also, ~ is zero when x is zero, and when x a | L. 
a X 

0 = iwLMi - A:) - 
“12 12 ' 

Serioe, B.M. = J ir (J L* - ac*) - ^ to L*. 

Or, B.M. - i «/ (tV L* - Jr*) (XX) 

At the centre, where a: = 0. the B.M. is : — 
toL* W L ... 

- TT ' -sT • * 
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This is only half of that at the support. Hence, the greatest 
bending moment occurs at the support, and its value is 


Maaimum B.M. = = ti W L. . . (XXI) 



B.M. Diagram for Beam Fixed at botu Ends and 
Loaded Uniformly. 

The points of inflection occur where L* or a; = ± 

By integrating the above value of ^ : — 

Putting a; = ^ we obtain the amount by which the centre of 

2i 

the beam is deflected by the load, viz. : — 


2 sH 


to /L* W L® 

^ " 48 E l U " 8 j ^ “ 384 £ I 


(XXII) 


We thus see that, by flxing the ends horizontally for this 
manner of loading, the strength of the beam is increased in the 
ratio 3 : 2, and its stiffness in the ratio 5:1. ' 

When the span of the beam is small, it may be designed 
wholly from considerations of strength ; but when the span is 
great a beam may be strong enough, and yet not suitable,' 
because it yields too much when the load is put on it. It then 
becomes necessary to take the stiffness into account by using 
one of the formulas we have found for the deflection. The 
greatest deflection usually allowed in beams is 1 inch in 100 
feet, or y-sVn span. 

In the tables below we give a summary of these results,' 
showing the relation between them. 
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Supported at Both I 
Loaded at Centri 
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Fixkd at Ends. 
Loaded Uniformly. 
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The quantities in the sixth column are obtained by substitut- 
ing the value of the maximum B.M. given by the third column 
in the fifth, and for those in the seventh we have put the value 

of M (viz.,^^ found in equation (V). 

We also print for reference a table of the strengths of 
materials and of the moduli of different sections. 

For properties of British Standard Sections, see Appendix, 
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Strbkoths, fto., OF Matfbiaib (Sommart). 


Cast-iron (ordinary good) 
„ (Admiralty), . 

Wrought-iron bars (or- 
dinary good), 
Yorkshire plate — 

With grain, 

Across „ 

Staffordshire plate — 
With grain. 

Across ,, 

Iron forgings— 

Large, 

Small, 

Steel castings (ordinary 
good), 

Steel castings (Admiralty) 

„ (Lloyd’s), . 

Steel boiler plate — 
(Ordinary good), 

(Admiralty) internal, 


Ultimate 
'enalle Strengtl 
lbs. per 
square inch. 


18,000 

{ not less than \ 
20,160 j 


(B. of T.) internal, . 

,, shell, 

Lloyd’s, . 

Steel forgings ( Admiralty ) 

Sheet copper, 

Copper wire (annealed), 
Gun - metal (ordinary 
good) .... 
Gun-metal (Admiralty), 
Phosphor bronze (cast). 
Manganese bronze ,, . ; 

,, (rolled), 

Muntz metal, • I 

Naval brass, . I 


45.000 

50.000 

67.000 

( not less i 
] than / 

I 63,000 ' 

/ not exceeding \ 
t 67,000 / 

65.000 

{ not exceeding \ 
60,480 / 

60,480-67,200 

58,240-67,200 

60.480-71,680 

58,240-67,200 

62,720-78,400 

30,000 

40,000 


Biaatlc 
Strength, 
lbs. per 
square inch. 

Elongation 
per cent., 
when broken by 
Tensile Stress. 

11,000 

... 

29,000 

157 . in 8 ins. 

26,000 

207, .. 


147. .. 

24,000 

12*/. .. 


8 7. .. 

... 

»•/. .. 

... 

>3 7. .. 


lOV, 

( not less than 

134 18J7o 

f in 2 ins. 

{ not less than 
10 •/, 8 ins. 


not less I 
than I 
31,360 


/ 34,500 toi 
t 43,120 ! 


18 7- 10 ins, 

\ not less than 
) 20 7o 8 ins. 
28 7oto24 7o( 
in 2 ins. ) 
35 •/, in 8 ins. 


10 in 2 ins. 

12 7a 2 ins. 
10 */. .. 
20 */. .. 
30*/. .. 

25 7. 8 
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Moment of Inertia, Moiiclus, Ac., of pome Sections— 
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Example VII. — A rigid body of unit width is rectangular in 
vertical section, which is 30 feet long and 10 feet high. A force 
of 20 tons is applied vertically to its upper surface, one-third the 
length from one vertical face, on the centre of which a normal 
force of 10 tons acts. If the specific gravity of the block is 2J, 
find the distribution of pressure on the base. 

Answer. — 



Like Diagram of Loaded Rigid Body, the Load being Non- Axial. 


In this question we may consider it as made up of two 
parts : — 

(1) The weight of the body itself may be taken as giving a 
waiform stress all over the section or base. 

(2) Compounding by the “parallelogram of forces’^ the two 
external forces and Wg, so as to give a resultant R, which 
cuts the base at a point 2^ feet from the centre of area. The 
vertical component R, of the resultant is therefore the load 
acting vertically downwards, while the horizontal component 
tends to produce sliding of the body along the ground. 

(1) Uniform Stress . — Since the weight of the body is acting 
along the axis of the body, it produces a uniform distribution of 
stress over the surface of a cross-section ; the intensity of stress 
at all points of the surface is uniform and constant ; and the 
resultant of the stress on the surface acts at a point called the 
centre of stress^ which, in this part, coincides with the centre of 
area. 


Weight of body 


1 X 10 X 30 X 62*5 X 9 


18*83 tona 


2.240 X 4 


example on a loaded rigid body. 
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Uniform compressive stress ) 
on base due to weight of 
body only I 


weight of body 
cross-sectional area ot base 

' - gQ - =: *628 ton per sq. ft. 


(2) Umfoi-rnly^varyin^ Here the centre of stress of 

the cross-section does not coincide with the centre of area ; then 
the distribution of stress over the surface is unequal, and it is 
assumed that the stress is a uniformly varying one — that is, the 
intensity of stress at any point in the section varies directly as 
the distance of that point from a fixed line in the plane of the 
section. ^ 



Sketch showing Stress on a Section oe Joint, the Load being 
Non-Axial. 

Let A B = Trace of the base on a plane at right angles to it. 

,, ^ ^ through its centre of area. 

,, = Component of the resultant R normal to the surface. 

~ Distance of centre of stress from centre of area. 

>> ^3 ~ Distances from 0 of B and A respectively. 

M -A, = Area of surface or base A B. 

« /vf 2 ~ Extreme intensities of stress at A and B. 

♦> fe — Intensity of stiess at centre of area of A B. * 

»» I = Moment of inertia of the surface about an axis 

through 0 at right angles to the plane of the 
figure. 

^ Then the stress represented by the rectangle may be con- 
sidered as made up of two parts, viz. : — 

(o) A uniform stress due to a load equal to R^ acting at the 

■D 

centre of area C, the intensity of which is y* ~ ; and 

A, 

(6) A uniformly-varying stress due to a bending moment 

(BM) • R»a8|. 
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The intensity of this uniformly-varying stress on any lino 
distant x troiu 0 is : — 

( B M ; a; _ 

I ^ i * 


Adding (a) and (6), we get : — 

The intensity of stress at edge A, 

/i =y. + - ^"(^1 +^p-) (1) 

The intensity ol stress at edge B, 

A ( 2 ) 

Since the section is symmetrical, ; and equations (1) 

and (2) become : — 

= (3) 

/2 = 

In this question : — 

Aj, = 30 S(juare feet, 

, dd^ lx (30)3 27,000 ...... . 

1 = ~ » 2,2o0 (feet)'* units, 

ajj — leet, = 15 leet. 

^ 20/ 30 X 5 X 15\ 

•'» ■" 30 V ^ ^ X J 

= |(1 4- 1) = 1 ton per square foot (compressive). 
^2 = J(1 - ^) «= J ton per square foot (com])re8sive). 


To obtain the maximum values of the intensities oi the stress 
at tlie ends A and B, we must and the value of the uniform 
compressive sucftS due to the weight of the df^di/ t>nly^ to each of 
the above values, yj and . 

/. Maximum compressive stress at A 

» I -f 0*623 1*628 tons per square foot. 

Minimum compressive stress at B 

0*3 0*628 » 0*961 ton per square foot. 
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Thick Pipes. — We have considered already the strength of a 
thin pipe and obtained simple formulae by assuming that the 
stress was constant throughout the length and thickness of 
the pipe. When a pipe is not very thin compared with its 
diameter we have to allow for the variation of stress across the 
section. 

Lamp’s Theory. — Let a pipe be of internal radius r and ex- 
ternal radius li, and let it be under pressure either from the 
inside or from the outside. 

Now consider an imaginary thin ring of thickness d x and 
internal radius x. This ring will be subjected to a radial 
pressure p on the inside which by considerations of symmetry 
must be the same all round, and on the outside it will be sub- 
jected to a radial pressure which will differ slightly from p, and 
which we may call/? - 4 - hp. This assumes that the tube is sub- 
jected to pressure on the outside ; if it is on the inside the same 
formulae hold with appropriate change of sign, as explained 
later. 

We may therefore apply to this imaginary hoop the same 
treatment as for a thin pipe, the circumferential stress, or 
hoop stress^ being /. 

Considering a unit length of pipe we have 


Force tending to cause collapse of ring ~ (p -f- bjy) x (x + b x). 
Force resisting collapse of ring = 2f bx + 2 x. 

These must be equal. 

dividing by 2 and neglecting the product, . bxy of two 
very small quantities, we have 

p .X + X , bp + pbx=/bx + p , X, 


- p) bx X bp 


(/- p) 


X bp 
b X ' 


In the . limit when the increments are infinitely small this 
gives 


(/-p) 


xdp 

lilT' * 


( 1 ) 


This is one relation between/and p. 

Now let us assume that the strains along the length of the 
pipe will be such that a plane section before subjection to 
2 6 
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pressure remains plane after subjection to pressure — i.e., that 
longitudinal strain is constant. 

^ ^ = constant, . . • (2) 

because bothy* and will cause transverse strains in the direc 
tion of the length of the pipe, and they will have the same sign. 

.‘. Since 9j and E are constant, if our stresses are within the 
elastic limit we may write 

y* + p « constant « 2 a (say), 

/-(2a-^). ..... (3) 



Stresses ih Thick Pipes* 


Put this value in (1) and we get 


2 a - 2p 
2 a 


xdp 

dx 


2p 


xdp 
dx ^ 


. ( 4 ) 
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dipx^) 'jc^dp 
— - = 2 p a: -f —77 




/. d (p x^) - ^ ax . d X. 

Integrating we get 

p = a ac^ - 4 - 6, 


where 6 is a constant. 


#> = « + ^; . . 
2a - p (hy 3) j 


i.e., f=a-^. . . . .-(7) 

By calculating a and b in any particular case we can find formula 
for p and /, 

Special Case. — (1) Pkessukk Inside = p* ; Phkssdkk 

Outside = 0, 

i,e,f p - Pi ^or a? = r, 

p = 0 for a; = R ; 


+ 72 - 


0 = a + ^2 J 


Put this value in (8), then 

_ . / 1 1 \ _ 6 (R2 - r2) 

UV H-r- ’ 


6 = 

K- - 


A = _ /’‘A 

W - r^' • * 
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•*. Hoop stress ai inside ^ is obtained by putting a? ■■ r 
in (7). 

f.0«l ^ " ^2 

jd,R* 

“ “ R» - r« 


“ " R2 - r* • 


. ( 11 ) 


The negative sign indicates that the stress is a tension. 
Hoop stress at outside = ^ 


(R* - r*) (R“ - r*) 

(R»-r*)' 


. ( 12 ) 


This is also a tensile stress, and is clearly less than so that 
with internal pressure the maximum stress occurs on the inside. 
At any intermediate radius x 
b 


Pi 7-2 p^ R2 r* 

“ ■ (R2 - r*) (R^- T^)a? 

_Pir^ f R2 1 

(K'> - r*) \ /• • 


f va a - 


7? 


.(13) 


PiV^ 


R2 

0(? 


+ 1 



. (14) 


It should be noted from equation (11) that no matter how 
great the thickness of the tube may be, the hoop stress is always 
greater than the internal pressure, so that for any given material 
there is a certain maximum pressure which must not be exceeded. 

It should also be noted that the assumption of the constancy 
of longitudinal strain holds only while the stress is within the 
elastic limit. 

Numerical Examples. — (1) A cast-steel cylinder 2 ft, in s» 
temal diameter amd 3 inches t/iick is subjected to am, internal pres- 
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ture of 2 tons por sq, in. Where and of what magnitude it the 
■maximvm, ttress J 

Th® maximum stress is on the inside, and is given by tbe 
formula — 

(If-i - r2) 


2(24^ + 1 8 ^) _ 

(24* - 18*) “ C^(r6~~9)“ 

2 ^ 25 „ , , ^ 

— = — = 7-14 tons per sq. in. 



Values of R -i- r 

Variation of Hoop Stress for Various Ratios of External to 
Internal Radii of Pipes with Internal Pressure. 


(2) Plot a curve showing the maximum stress in terms of the 
internal pressure in a tube whose ratio of external to internal 
roaius varies from I’lO to 4. 


i: 

Pi 


(R* - r*) 

R* + »^ 

R* - r* 




+ 1 


(")* 
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This gives the following values : — 


R 

r 






2*60 

300 

■ 

3*60 

400 

A 

Pi 



3-90 


1-67 

1-38 

1*26 

i 

1‘18 

113 

1 



TthlMOf 

Variation ov Stress in a Thick Pipe with Internal Pressure 

If - - MO, = MO, - - *10. 
r r r 

' The thin pipe formula / would give « 10, so that 

the thin pipe formula would be about 5 per cent, in error. 

The above figures give the curve. 

Curves of Variation of Radial and Hoop Stress for Internal 
Pressure for B 2r. 

_ ...6 RV* 4r* 4»« 

By equation (9) - = 
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By equation (10) | - i. 

p _ a b ^ 1 4r2 
Pi Pi ^ Pi^^ 3 ^ 3a^ 

/• * 

These results are plotted, and show clearly the variation of the 
stresses across the section. 
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Lecture III.-— Oukstfons. 

1. A wrought-iron flanged girder is required to support a travelling load 
of 50 tons, the distance between the supports being 40 feet. The stress 
conies upon the nrder at two points, toe wheels on the traveller being 
10 feet apart. What section of girder will be required to afford the 
necessary strength, presuming that the ultimate strength of the girder is 
six times that of the greatest stress to which it will be subjected ? 

2. Prove the law which governs the transverse strength of a beam of 
timber when supported at both euds and loaded at the centre. How are 
the constants required for applying this law arrived at ? 

3. A bar of wood, 7 feet long and 2 inches square, is supported at both 
ends, and is broken by a weight of 500 lbs. suspended at the centre. 
What weight in pounds will a rectangular bar of the same material, sup- 
ported and loaded in like manner, sustain, when its lenffth is 8 feet, its 
breadth 2) inches, and its depth 4 inches? Ana, 2187 ‘6 los. 

4. A rectangular beam of flr, of uniform section throughout, is supported 
horizontally on two walls 15 feet ^art, and has to carry a load of 14 tons 
at 5 feet from one of the walls. The width of the beam is 5 inches ; And 
its depth, taking the breaking load at four times the safe load. How 
much should the depth of the beam be increased, the breadth remaining 
constant, if the load were shifted from its original position to the centre 
of the beam, the breaking weight of a beam of fir 15 inches long, 1 inch 
broad, and 1 inch deep, supported at both ends and loaded in the middle, 
being taken at 360 lbs. ? Ans. 8*9 inches ; 4 inch. 

5. A solid rectemgular girder, 3 inches deep and 2 inches broad, is sup- 

S orted at both ends on supports 5 feet apart. It is loaded with a uniformly 
istributed load, including its own weight, of 10 ewts. per foot run. What 
is the maximum intensity of stress at the outer fibres? Ans. 14,000 lbs. 
per square inch. 

6. If two cast-iron beams - one circular in section and 2*73 inches in 
diameter, the other of rectangular section, 3 inches broad and 2 inches 
deep — be each supported at two points 20 inches apart, and loaded at the 
centre with a load of 2 tons ; what will be the maximum intensity of stress 
produced in each case? Ans. d tons per square inch in each cai;e. 

7. A beam of fir is built into a wall at one end, and projects 6 feet from 
the wall. The width of the beam is 4 inches ; find its depth to bear safely 
a load of 1,200 lbs. uniformly distributed along its length. Assume that a 
bar of fir 1 foot long, 1 inch broad, and 1 inch deep, will break under a 
load of 125 lbs. when fixed at one end and loaded at the other end, and 
that ^e safe load is 4 the breaking load. Ans. 6 inches. 

8. What must be the breadth in inches of an oak cantilever or over- 
hanging beam, 6 feet long and 9 inches deep, in order to carry a load of 9 
ton at its extremity, and how much must its breadth be increased in ord^** 
that it may carry an additional load of 4 ton uniformly distributed over itt 
length ? Ilie actual stress is not to exceed 4 of the breaking stress, and 
the breaking weight of an oak cantilever 6 inches long, 1 inch deep, and 1 
inch broad, IS 280 lbs. Ans. 2*37 inches ; 1*18 inches. 

9. A beam of fir supported at each end is inclined at an angle of 69* to 
the horizon, and is loaded at the centre of its length with a weight of 1 
ton. The length of the beam is 10 feet, and its breadth is 2 inches, find 
the depth ; the breaking load on the centre of a beam 1 foot long, 1 inch 
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broad, and 1 inch deep, and supported at the ends in a horiz\>ntal position, 
being 450 lbs. Ann, 3 527 inohes. 

10. A cast-iron cantilever or overhanging beam of T-section is 6 feet long, 
and 9 inohes deep, the top flange being 6 inches wide. The beam has to 
carry, with safety, at its end a load of 1 ton, together with a distributed 
load of 1 ton over its length. Find the thickness of the top flange, the 
tensile breaking strength of cast-iron being 8 tons per square inch, and the 
admissible load for a safe stress being one- fourth the breaking load. 
Ans, 1} inches 

11. Find the greatest load that may be uniformly distributed on a cast- 
iron girder having top and bottom flanges united by a web of the following 
dimensions — widtn of upper flange 3 inches, of lower flange 9 inchi^s, tot^d 
depth 12 inches, thickness of each flange and of the web being 1 inch, 
distance between the points of support 10 feet — when the greatest 
admisaible stress in the compression nange is 3 tons per srpmre inch, and 
that in the tension flange is tons per square inch. Ana. Maximum 
conuiivssive stress = 2*5 tons ; 6 b ume. 

12. Make a diagram of a flanged cast-iron girder to carry a load of 12 
tons in the centre, the distance between the points of support being 20 
feet. What should you make the depth of the beam, and what should be 
the sectional area of the top and bottom flanges respectively ? Ans. 20*5 
inches deep ; area top flange 7 ‘5 sq. inches, of bottom flange is? sq. inches. 

13. A rolled steel girder has a mean depth of 10 inches, the top and 
bottom flanges are each 0 inches wide, and the metal in the flanges and webs 
is i inch in thickness throughout. If the breaking strength of the material 
be taken as 40 tons to the square inch of section for both tension and 
compression, then (using 4 as a factor for safety) what would be the 
maximum safe load uniformly distributed over such a girder, supposing it 
to be supported at each end, the supports being 12 feet apart ? Also make 
a diagram showing the distribution of the shearing stress in the middle 
transverse section. 

14. A rectangular beam of timber is supported at both ends, and loaded 
by a weight in the centre. Make the necessai^ calculations for measuring 
the strength of the beam to resist breaking For a bar of larch 6 feet long 
by 2 inches square, supported as above, the breaking weight is 515 lbs. ; 
tfiking this datum, you are required to solve the following question : — A 
oi.Ht§m containing 2 tons of water rests on two cantilevers of larch, each 
4 feet ion^ and 5 inohes in depth ; find the breadth of each cantilever. 
Ans. 1*85 mohes. 

15. A cast-iron beam of rectangular section, and having its lowest side 
horizontal, is supported at both ends. What difference should you make 
in the upper outune according as the load is evenly distributed or collected . 
in the centre f 

16. A beam will safely carry a stationary load of 5 tons with a deflection 
of 2 inohes, from what height may a weight of 200 lbs. be let drop upon the 
same beam without deflecting it to a greater extent ? Ans. 64 inches. 

17. A steady load of 10 tons, suspended at the centre of a beam, deflects 
it through | inch. From what height would a weight of 300 lbs. require 
to fall in order to produce a like deflection when dropping on the b^m 7 
Ans. 22*7 inohes. 

18. A cylindrical iron beam is 15 inohes in its external diameter, and the 
metal is It inches in thickness. The beam is fixed at the two ends, and is 
35 feet between the supports ; find the g^test load uniformly distributed 
t b fttf the beam will bear, the greatest safe stress on the metal being 9,000 
Ibis, per square inch. Ans, 1,806 lb. per ft. run. 

19. Compare the resistance to bending of a wrought iron I section besm 
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when the beam is placed like this I, and like this The flanges of the 
beam are each 6 inches wide and 1 inch thick, and the web is i inch thick 
and measures 8 inches between the flanges. Ans. 4*56 : 1. 

20. A horizontal bar of round iron, 1 inch diameter, 6 feet long, hitlged- 
at the ends, is subjected to equal and opposite pushing forces of 1,000 lbs. ' 
at its ends, and a load of 10 lbs. is hung at the middle so that it is both a 
beam and a strut. Find the greatest stress anywhere. £ = 29 x 10* lbs. 
per square inch. Ane, B.M. = 284*6 in. 4b. ; max. stress =: 4,170 lbs. per 
square inch. 

21. Draw the bending- moment diagrams, and state the maximum bend- 
ing moments for the six standard oases of loading and supporting a beam 
of the same length, same load. (1) Fixed at one end, loaded at the other. 
(2) Fixed at one end, loaded uniformly. <3) Supported at the ends, loaded 
in the middle. (4) Supported at the ends, loaded uniformly. (5) Fixed 
at the ends, loaded in the middle. (6) Fixed at the ends, loaded uniformly. 

22. A Uniform beam is fixed at its ends, which are 20 ft. apart. A load 
of 6 tons in the middle ; loads of 2 tons each at 5 ft. from the ends. Find 
the diagram of bending moment and prove your rule. State what the 
maximum bendine moment is, and where are the points of inflexion. Ans, 
B.M. = 17*5 ton-feet. Points of inflection 4 feet from each end. 

23. A rectangular beam, loaded in the middle, exported at the ends ; 
find the shear stress at any point in any section. Find the deflection at' 
the middle, and distinguish between the parts due to ordinary bending and 
to shear. 

24. What occurs at the cross-section of a horizontal beam, carrying 
vertical loads ? Where is the neutral line? What is the value of the stress 
at any place ? What is meant by he-nding moment ? Describe any model 
which illustrates, however roughly, what occurs at a section of the beam. 

25. A symmetrically loaded beam of uniform section ; given the diagram 
of bending moment when supported at the ends, what is the easy rule for 
finding the diagram when the beam is fixed at the ends ? Prove the rule 
to be correct. 

26. A beam of timber 2 feet long, 3 inches square, supported at the 
ends and loaded at the middle, breaks with a load of 7,500 lbs. What 
load may be expected to break a beam of the same material, fixed at one 
end and loaded at the other, length 10 feet, breadth 5 inches, depth 
9 inches. If the specimen beam deflected 0*034 inch for a load of 
1,000 lbs., what would be the deflection of the second beam for a load 
of 200 lbs. ? Ana, W = 5,625 lbs. ; 3 = *45 inch. 

27. Suppose the vertical loads and supporting forces of a horizontal 
beam to be known, show how we find (1) the shearing force at a section, 
(2) the position of the neutral line, (3) the compressive stress at any part 
of the section, and (4) the curvature of the beam. Prove your statements.' 

28. ^Vhat are the functions of the top and bottom booms and of the 
diagonal pieces of a railway girder ? Why are the booms usually larger in 
section towards the middle of the girder, and the diagonal pieces larger 
towards the ends of the girder? 

29. A rolled joist 12 inches deep, with flanges 4 inches wide and 1 inbh 

thick, and a web ^ an inch thick, carries on a 14-foot span a distributedf 
load of 1 ton per foot run, and a single concentrated load in the centre of 
2} tons. Determine (a) the maximum bending moment and shearing 
force ; (b) the maximum tensile and compressive stresses per square inch 
at the centre section. Ana. Max. B.M. = 32*4 ion-ft. ; max. shear = 8*12 
tons. Max. stress 44,400 lbs. per square inch. (This would exceed th'd 
elastic limit, so joist is unsafe.) '* 
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Leoturb III.— I.C.E. Qitbstions. 


1. A girder is built of an X rolled joist; flanges 1 inch thick, 7^ inches 
wide ; web g inch thick, 20 inches deep ; with two |-inch plates 12 inches 
wide riveted to each flange. Calculate the modulus of the section (a) 
approximately, (6) more accurately. 

2. Prove an expression for the deflection at mid-span of a beam resting 
freely on two supports and loaded uniformly per foot run ; or describe 
carefully how you would find it graphically. 

3. A bridge is carried by two mild steel plate girders over a span of 
50 feet, the depth of the girder being 5 feet. It is to carry an equivalent 
distributed load of 3 tons per foot run. Selecting suitable data, design the 
section of the girder at the centre and at the ends. 

4. A load W is an 


[ ifi the middle of a cantilever of uniform section. 
Prove, either graphically or mathematically, that the elastic deflection 

of the free end is ^ l^he length of the cantilever, I the 


second moment of its section, and E the Young’s modulus of the materiaL 

5. State clearly the assumptions on which are based the usual formulas 

M / d^v 

for beams noting to what extent and within what limits 

they are true. A cast-iron beam, 2 inches x 1 inch, when subjected to a 
transverse test, broke when the tensile stress (calculated from the formula 
M = /Z) was 35,000 lbs. per square inch. A similar specimen tested in 
tension broke when the stress was 28,000 lbs. per square inch. Why do 
the results differ ? - 

6. The pitch or flute of a trough decking ( _/ ) is 32 inches and 

the depth is 13 inches, the neutral axis being at the half depth. The 
moment of inertia round the neutral axis is 883 inch-units. Find the dis- 
tributed load per square foot which can be supported on a span of 30 feet 
if the stress is not to exceed 5 tons per square inch. 

7. Describe briefly the reasoning and the hypothetical assumptions on 
which the ordinary theory of transverse flexure is based, and its deductions 
in regard to transverse strength — illustrating by the case of a simple beam 
of rectangular section. 

8. If any beam of uniform section deflects 1 inch in a span of 100 inches 
under a central load, what will be the slope of the beam at each end ? 

9. A steel girder crossing a span of 120 feet carries a uniform load, and is 
designed with a uniform depth of 10 feet, but with flanges of varying section 
adapted to a constant working stress of 6^ tons per square inch. Calculate 
the deflection, taking E = 13,000 tons per square inch. 

10. If the girder in the previous question were designed for the same 
span and load, and with the same depth, but were made of uniform section 
with a maximum flange stress of 6i tons per square inch, wliat would be 

its deflection ? . . ir -n 

11. A rectangular beam is loaded by a weight at its centre. How will 
the deflection be changed by («) doubling the span, (6) doubling the width, 
(c) doubling the depth, (d) doubling the load ? 

12. If a bar of metal 2 inches square he placed upon bearings 3 feet 
apart, will it carry the greatest load at the centre with the sides vertical 
or with the diagonal vertical ? Give the breaking- load for both positions 
when the bar is made of cast iron. 
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13. State the rule for finding the moment of inertia of a beam seotioo 
which admits of being split up into s number of rectangular areas, and 
appl^ it to the case of a 4-inch x 4-inoh tee-iron whose mean thickness is 
i an inch. 

14. A mild-steel joist, total depth 6 inches, flanges 4 inches by | inch, 
and thickness ot web A inch, rusts away to a d^th of ^ of an inch all 
over the surface. Before rusting the load produced^a stress of 8 tons per 
^uare inch on the outer layer. What will be the stress after rusting 
if the load is the same as before? The results need only be given 
approximately. 

15. Describe with sketches the method you would employ to determine 
the deflection produced by a passing train in the main girder of a plate 
girder bridge of about 60 feet span over a road. 

16. Either of the following hections is available for a beam which is 
required to be as strong and as stiff as possible (a) Circular 2 inches in 
diameter, or (b) rectangular 2 inches deep, 1 *1 78 inches wide. Which would 

you use ? 

^ 17. The deflection of two plate girders is 

0 to be ascertained when a load of 10 tons acts 
^ at the centre. An hydraulic jack capable of 
exerting a push of 5 tons is available ; it is 
fitted with a pressure gauge, so that the 
pressure it exerts can be measured. Sketch 
_ g the arrangement you would employ to deter- 
mine the deflection. 

18. A cast-iron water pipe 10 inches ex- 
ternal diameter and } inch thick rests on 
supports of 40 feet apart. Calculate the 
maximum stress in the outer fibre of the 

j<- 0 “ H material when empty and when full of 

water, also the corresponding deflections. 

19. Calculate the moment of inertia round the axis A B of the rolled 
joist of the section shown in the sketch, assuming that the flanges and web 
are rectangular. 
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LECTURE IV, 

CoNTBNTB. — Torsional Strength of Shafts — Example^ I., II., and III.— 
Strength of Shafts subjected to Combined Twisting and Bending- 
Theorem — Examples IV. and V. — Stiffness of Shafts — Angle of Twist 
— Example VI. —The Strength of Ductile Materials under Combined 
Stress — Mild-Steel Tubes in Compression and under Combined Stress 
— Compound Stress Experiments — Table of Powers Transmitted by 
Shafts— Questions. 

Torsional Strength of Shafts. — In order to transmit energy 
through a shaft, the driving force must be applied* at some 
distance from its centre. The driving force and its effective 
leverage, therefore, constitute what is termed a Turning or 
Twisting Moment (T.M.) which puts the shaft in a state of 
twist or torsion. The tendency of a purely torsional moment 
applied to a shaft is to cause the shaft to shear in planes 
normal to its axis, and this has to be met by the shearing 
resistance of the material, which resistance must, of course, 
be of the nature of a moment. The resistance the shaft offers 
to twisting we term its Torsional Resistance (T.R.); and as this 
balances the turning moment, we have : — 

T.M. - T.R. 

We have now to find the value of T.R,, as depending on the 
material and dimensions of the shaft, and shall confine ourselves 
to shafts of circular section — solid and hollow. Suppose the 
accompanying figure to represent an end view of a sh^t ; and 
suppose A B and ah to have been parallel diameters of two 
sections very near to each other when the shaft was at rest ; 

then, when the shaft is at work trans- 
mitting energy, the diameters, A B and 
a 6, wil| no longer be parallel, but will 
make an angle with each other, as 
shown. A longitudinal section, through 
the axis of a shaft, which is a plane 
when the shaft is at rest, thus becomes 
a screw surface when the shaft is 
working. We shall have occasion later 
to measure this angle of twist ; but in 
the meantime we are mainly concerned 
with the distribution of shearing stress 
within the shaft. 

Looking at the figure, we easily see that the strain in any 
ring of fibres must be proportional to the arc of this ring 


A 



B 

Illubtbatino Strain 
nr A Shatt. 
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which is included between the diameters AB and a 6, when 
these are twisted out of parallelism hj the turning moment. 
Within the elastic limit of the material, therefore, it follows 
that the shearing stress in any ring of fibres is proportional to 
the radius of that ring. 

. '^Therefore, let f ^ the greatest shearing stress, in lbs. per sq. 

inch, permissible in the material of the 
shaft. 

D = the outside diameter, 

d => the inside diameter of the shaft, both in 
• inches. 

And as «* the radius of any ring of fibres within the 

material of the shaft. 

Then the shaft must be so proportioned that f shall be the 
value of the stress in its outermost fibres which are ^ D inches 
from the centre. Oonsequently, from what has already been 
said, we have : — 

Stress at as — f = /. 

i D *' D 


Consider, now, the ring of fibres at x inches from the shaft 
centre, whose radial thickness is d as inches. The sectional area 
of this elementary ring will 2 eras das sq. inches; and its 
resistance to shearing will be 

2 era; das x /lbs. = a;* dx lbs. 

D D 


Now, the leverage at which this resisting ring of fibres acts, is 

4 qff 

X inches ; therefore, its momefU of resistance is a;^ d as x as, 


or 


4er/ 


as* das inch-lbs. 


Hence, summing up the moments of resistance of all such 
elementary rings which go to make up the shaft, we get: — 

ii> 

4^/ 


T.R. 


"tr 

id 

(iff)' I 


t» 
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Henoe, for hollow shalts,* we hare 

m 

For solid shafts, we make « 0, and get : — 

T.B. - ^DV . . ...... (II) 

It is instructive to compai e the torsional resistances of solid 
and hollow shafts of the same weight and material. For this 
purpose let be the outer diameter of hollow shaft 

Then, if we neglect couplings, and consider the shafts to be of 
equal length, the weights will simply be proportional to their 
sectional areas ; i,e. : — 

Weight of hollow shaft _ Df - cP 
Weight of solid shaft D* 

For equal weights, this ratio is unity ; therefore we have 
the relation : — 

D* - D? - 

Or, D - - rf*. 

Now, we have from equations (I) and (II) : — 

T.R. of hollow shaft _ DJ - D* + rf* Df - d* 
T.R of solid shaft ” Dj x D* ” Dj x D ** D* 

Df + d' Df + d‘ 

” ” “ Di X D “ D, X 


It will simplify matters if we put d x x D^, where x is % 
proper fraction, we then have ; — 

T.R of hollow shaft 1 4- ac* 

T.R. of solid shaft "" - g/ 


For example, let x » 

1 + OJ* 
s/l - i? 


4, then : — 

1 ^ i 


6 

2^ 


1-448. 


This result shows that for the same length and weighty the 
hollow shaft having outer and inner diameters in the proportion 
of 2 to 1 will be 44*3 per cent, stronger than the solid one. 

The turning moment driving a shaft may either be uniform 
or variable in amount. Shafts driven by means of gearing, and 
revolving at a uniform speed, are generally considered as cases 

♦See Jcurma Junior In$t. of Engg,^ voL xvlll., 1907^. for Prol. Lilly'# paper on “ The 
Xoooomlc Deilgn of Hollow ShafM.*^ 
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cd uniform turning momeni. As a typical example of variable 
turning moment, we have the case of the steam engine crank- 
shaft, where both the driving force of the steam on the piston 
and its effective leverage are continually varying throughout 
the stroke. 

When the turning moment is uniform — that is, when the shaft 
revolves uniformly at n revolutions per minute, and transmits 
energy at the rate of so many H.P., this is all the data we 
require to know in order to estimate T. M. We have already 
seen (see Vol. I., Lect. III.) that the work done by a turning 
couple in one minute is equal to the magnitude of the turning 
cou[)le multiplied by its angular displacement in the same time. 
Now our turning couple, or turning moment, as we call it, is 
T.M. inch-lbs., or ^ T.M. foot-lbs., and the angular velocity ol 
our shaft is n x 2 ^ radians per minute. 

Therefore, the 

T.M. 

Work done = x 2 tw ft. -lbs. per minute 

U 

T.M. „ 

-TH- X 2 «• n mu, 

p ^ 12 _ ” T.M. 

33,000 63,026 * 

T.M. = 63,026 . 5 ^ (Ill) 

Example I.— Find the moment of resistance to torsion of a 
hollow shaft Compare the strengths to resist torsion of a solid 
and hollow shaft of the same length and weight, the extreme 
diameter of the hollow shaft being double its internal diameter. 
A hollow shaft, the external and internal diameters of which are 
20 inches and 8 inches respectively, runs at 70 revolutions per 
minute, with a surface stress of 6,000 lbs. per square inch ; find 
the twisting moment and the horse-power transmitted 

A NSWER. — The first two parts of this question have already 
been answered in the text. 

With regard to the last part, we are asked to find the values 
of T.M. and H.P., being given : — 

Dj = 20 inches. / = 6,000 lbs. per sq. in. 

d 8 inches. n *= 70 revs, per min. 

Since T.R. *= T.M., 

»• 16 • D, • 


And the 


2 


T 
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••.r 3-1416 20*- 8« 

T.M. = -“j-g— — rjQ — X 6000. 

„ = 9,184,000 inch-lbs., 

' „o T.M.xw 

“ -6p25-’ 

9,184,000 x 70 

Vi . . - " 

V: .i . „ = 10,200. 

" Example II. — Tf a steel shaft revolving at 60 revolutions 
jpjer minute be required to transmit 220 horse-power, what should 
its iiiameter so that the maximum stress produced in it may 
not'exoeed one-fifthi of that at the elastic limit ? The elastic limit 
in torsion is 18 tons per sq. inch. Prove any formula you may 
employ. 

ANswBB.^Oombining formulse (II) and (III) we have : — 

T.R. = T.M., 

i.«., ^D3/ » 63,025 X 


*/h:p. 

\ nf ' 


^ H.P. = 220. n = 60. 

ilii .< 

ftuAnd, / 3= X 18 X 2240 = 8064 lbs. per sq. in. 


68*5 X *i 


60 X 8064 


5-27 inches. 


In cases ^w here the turning moment exerted on a shaft varies, 
it is, of course, necessary that the shaft should be of strength 
,tp withstand safely the maximum value of T.M. So 
mat in dealing with an example like that of the steam engine 
gj^l^rshaft we take as the turning force the product of the max- 
imum effective steam pressure on the piston into the piston area ; 
and for the leverage we take the crank radius, although this is 
not quite accurate ; because, if the crank be driven by means of 
a connecting-rod, the virtual leverage of the steaUi force at a 
certain point in the stroke exceeds that of the crank radius by 
an amount depending on the relative lengths of the crank and 
connecting-rod. 
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But on tbe other hand, the elSective steam pressure on 
the piston is, as a rule, much below its maximum value when 
the piston reaches the point of greatest leverage. On the whole, 
therefore, it is quite accurate enough for all practical purposes to 
estimate the maximum turning moment in the way we have 
indicated. 


Thus, Let p a Greatest effective steam pressure acting on 
the piston, in lbs. per sq. inch. 

„ A a Area of piston, in sq. inches. 

„ r = Crank-radius, in inches. 

Then, max. T.M. = p Ar inch-lbs. 

By effective steam pressure, we mean the difference between 
the pressures behind, and in front of, the piston. 

Example III. — Find the diameter of the crank-shaft for a 
horizontal engine which is to be worked with an effective mean 
steam pressure of 45 per square inch throughout the stroke, 
the diameter of the cylinder being 36 inches, the stroke 5 feet, 
and the working load being taken at ^ of the breaking load. 
The shaft is to be of wrought iron, such that a 1-inch shaft will 
break with the torsion produced by 800 lbs. acting at the end of 
a 12-inch lever. 

Answer. — Let be the breaking stress of the experimental 
shaft, then the working stress in the crank shaft, according to 
the question, will be ^ . 

To find the value of we are given that when T.M. « 800 x 12 
inch-lbs., and D « K, fracture takes place. From these data, 
therefore, we deduce : — 




800 X 12 800 X 12 


Iba. 


16 


16 


The area of a 36-inch piston.* 1017*87 square inches, 
and r is 30 inches. 

Max. T.M. =* 45 X 1017*87 x 30 inch-lbs. 
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but, 



16 

Hence, 

. V45 X 1017-87 X So 

- V 800 X 2 ’ 


„ 9-6 inches, nearly. 


strength of Shafts subjected to combined Twisting and 
Bending. — In Example III. the diameter of the shaft has been 
calculated as for a purely twisting moment. But in no case of 
a shaft being driven by a crank is the effect of the load quite so 
simple as this. Besides the turning moment, which we have 
already seen how to deal with, there is always in action a 
bending moment of greater or less magnitude depending on the 
engine arrangement. The worst case is that in which the crank 
is overhung. When this is so, the bending moment is caused 
by the load on the piston acting along a line (the centre line 
of the cylinder) at a certain distance from the shaft bearing 
nearest to the crank. 

Let I the distance between the centre line of the cylinder 
and the middle of the nearest shaft bearing, in 
inches; and 

p and A » (as before) the effective steam pressure and piston 
area respectively. 

Then the magnitude of the bending moment which we have 
now to take into account is 

B.M. ^ p Kl inch-lbs. 

This bending moment is balanced by the moment of resistance 
of the shaft, which, as will be shown in Lecture III., is — 

Where, D » diameter of the shaft journal, in inches. 

And, » the tensile stress in the outer fibres of the 

journal, in lbs. per sq. inch. 

Hence, we see that when a crank-shaft is being turned by the 
steam on the piston, it is subjected simultaneously to a shearing 
stress of intensity , and a tensile stress of intensity . The 
oroblem now before us is to combine these stresses so as to 
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obtain wliat is termed the Equivalent tensile or shearing stress ; 
but in order to render all the steps in the process clear and 
intelligible, we require to demonstrate the following theorem : — 
Theorem. — A shearing stress on any plane produces a shearing 
stress of equal intensity on planes at right angles to it 

Let A B 0 D be a rectangular block of material whose thickness 
is 1 inch perpendicular to the plane of the paper. And let be 
the intensity of the shearing stress over the face whose edge is 



Illustbatino Shearing Illustrating Equivalent 

Stress Theorem. Tensile Stress. 


0 D. It is easy to see that the total shearing force on the face 
G D which tends to pull that face parallel to itself, must be 
accompanied by a similar effect on the face B C in order that 
the block may not be turned around A. To find the relation 
between those forces, take moments about A, and we get : — 

PxAD«QkAB. 

Or, (/, . C D) X B 0 = (/. B C) X 0 D. 

/, - / 

Hence, we see that the shearing stress induced in a shaft by 
the turning moment is accompanied by a shearing stress of equal 
intensity on planes at right angles to it ; that is, parallel to the 
axis of the shaft. 

In the right-hand figure let AO represent the edge of a 
small portion of a plane normal to the axis of the shaft, and B 0 
that of another plane at right angles to A 0. On the former of 
these planes there is a shearing stress of intensity due to the 
turning ipoment, and a direct tensile stress of intensity due 
to the bending moment acting on the shaft. By the theorem 
just proved, we also have on BC a shearing stress Let 
denote the intensity of a tensile streiu, which, acting on a 
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plane A B inclined to A 0 and B 0, would balance the etreaseii 
on these latter planes. As before, let the width of the three 
planes perpendicular to the plane of the paper be unity. 


Resolving vertically and horizontally, we have : — 
(/'. AB)co8tf-(/,. AC), 
and * (/' . A B) sin ~ . B 0) + (/t . A 0). 


From the first of these equations we get 


AC 
f A B 

and from the second : — 


sin $ 
cos$ 


tan 


(1) 


/' 


AO 

AB . ^ AB f 
sin t’ ^ sin 


i« 


sin i * 


sin 
sin » 




/, cot I- /f. 
cot , 


Multiplying together (1) and (2), we get:— 

/' r-A . I 


/'(/'-A)-/,*. 


Which on being solved for f* gives : — 


(2) 


(V) 


We take the positive sign in the solution of this quadratic 
equation, for obviously f is greater than ' 

' Being now in possession of the relation subsisting among the 
stresses, we next have to express these in terms of the T.M. 
and B. M. 
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Since 


T.M. = 




A.nd 


Bonce, 


And 


B.M. - R.M. = D»/, 

T.M. 

B.M. 




ft = 


32 


D» 


in like manner, we must have : - 


' J 


r = 

firhere B.M/ stands for the equivalent bending moment 
Making these substitutions, and reducing, ( V) becomes :■« 

B.M/ = i {B.M. + . . . 

If we follow Guests theory (p. 107 onwards), we should 
the equivalent twisting moment by the formula— 


(VI) 

and 


T.M/ = n/B:M. 2 + T.M.2 . . . . (Vil^ 

Example IV. — Investigate an expression in terms. 
f', and which will give the. resultant tensile stress, 
per square inch of section in a material which is subjected 
at the same time to a direct tensile stress of lbs. per 
square inch, and to a shearing stress, 11)S., per squaife 
inch. A bar of iron is at the same time uiider a direct 
tensile stress of 5,000 lbs. per square inch,' and to a shearing 
stress of 3,500 lbs. per square inch. What would be the 
resultant equivalent tensile stress in the material] 

Answer. — The complete investigation referred to in the first 
part of this question is given in the text, and equation fV) 
is the expression required. It only remains to find thi 
numerical value of having given . 


= 5,000 and - 3,500, 
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3.600* 

,, -i 6,800 lbs. per square inch fhlly. 


Example V. — A wrought -iron shaft is subjected simul- 
taneously to a bending moment of 8,000 inch-lbs., and to a 
twisting moment of 15,000 inch-lbs. Find the twisting 
moment equivalent to these two, and the least safe diameter 
of the shaft. The safe tensile stress is to be taken at 
8,000 lbs. per square inch. Prove clearly the formula you 
employ. 


Answer. — Here we have : — 


B.M. = 8,000 inch Iba, 
and T.M. = 15,000 „ 

Hence, by formula (VII) we get : — 

B.M.' = i (8,000 + n/870002 + 15,0002), 

„ = 12,500 inch-lbs. 

To find the diameter of the shaft to withstand this B.M.* 
with a tensile stress of not over 8,000 lbs. per square inch, wa 
employ formula (II) making : — 

RM.=Jd3/ 

D= T 12,500 

\/i-/ «■<*>» 

» 2-51 inches. 


StUhess of Shafts. — Angle of Twist. — We have already seen 
that the effect of a turning moment applied to a shaft is to twist 
one part relatively to another. Hitherto we have been dealing 
^only with the resistance the shaft offers to being twisted—that 
is to say, we have been concerned only with the strength of the 
shaft without regard to the question of stiffness. In many 
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— ospeoiallj in light machinery— the question of the sti&esa 
of the shafting is of greater importance than that of strength. 

The stiffness of a shaft is measured by the smallness of the 
angle of twist per unit length of the shaft. 

Turning back to the figure illustrating strain in a shaft, let 
be the axial distance, in inches, between the two sections 
whose diameters are A B, a6, and let be the circular measure 
of the angle between those diameters when the shaft is twisted ; 
then the torsional, or shearing strain at the surface of the 
shaft, is 



D, as before, being the extreme diameter of the shaft in 
inches. 

Let /s= Surface stress in the material of the shaft in lbs. per 
sq. inch. ^ 

„ C«> Modulus or coefficient of shearing elasticity or of 
rigidity in lbs. per sq. inch. 


Then, since 


0 


stress _ f 
strain /D\ d i * 




2 / 

CD 


dl. 


Hence, for a shaft L inches long we have, by a simple 
integration, the angle of twist. 




If 

C 


a- 


2/L 

(HT 


To express this result in terms of the twisting momont and 
the diameter of the shaft, we have : — 


/ 


T.M. 



for solid shafts. 


And, / - - 
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Maying these substitatioiis and simplifying, we get 
Angle of twist for solid shafts, 



, 10‘2(T.M.)L 

^ ^ jj 4 - " — . radians. 

^ 684(T.M.)L ^ 


And, for hollow shafts, 


’ ^Or, 


t = 


10-2(T.M.)L .. 


<•- 


584 (TJd.) L 
C(D*-d*) 


. degrees. 



(VIII) 

I 


(IX) 


By the equations just established, we see that, while the 
strength of shafts vary as the third power of their diameters, 
their stiflfness varies as the fourth power. 

Example Y1. — Establish a formula for the moment of resistance 
to torsion of a solid shaft of circular section. The angle of 
torsion of a shaft is limited to F for each 10 feet of length ; find 
the ctiameter of a solid round shaft to transmit 100 H.P. at 50 
revolutions per minute, the modulus of resistance to torsion 
being 10,000,000 lb& per sq. inch. 


Answer : — 

• Here, ^ * 1* when, L 10 x 12 » 120 inches 

And, C « 10,000,000. 

TT P 100 

Also, T.M. - 63,024 x — « 63,024 x 

n 50 

„ 126,048 inch-lbs. 

Now, applying formula (VIII) the given conditions are thst: - 

. 684 X 126,048 x 120 

^ “ 10,000,000 X D‘ 

Hence, solving for D, we get : — 

D - * / 684 X 128,Oy X 120 inchea 

V Ipopos 



guest’s law op combined stress. lOT 

The Strength of Ductile Materials under Combined Stress.— 
One of the most original, thorough, and important })aper8 
dealing with the Strength of Materials under the above 
heading was read by Mr. James J. Guest, M. F. Mech. E., <kc., 
Birmingham, before the Physical Society of J^ondon on May 
25 th, 1900.* 

Mr. Guest personally carried out a large number of experiments, 
chiefly upon metal tubes, by subjecting them to torque, to torque 
and tension combined, to tension only, to tension and internal 
fluid pressure, to torsion and internal fluid pressure, and to 
internal fluid pressure only. He took most careful observations 
of the axial elongation, of the twist, and of the circumferential 
strain, &c., by means of apparatus specially designed by himself, 
which are all illustrated and described in his paj)er He 
also gives sufficient mathematics to prove the action and 
accuracy of his measuring apparatus, tfec., eight tables of results, 
and a number of curves plotted from these results. 

Here we must be content with quoting his first and his last 
articles. In the latter he gives what may be fairly called 
“Guest’s Law,'’ which we have therefore printed in italic type, 
because the truth of his practical conclusions have been since 
proved by other careful experimenters. 

“ 1. Lack of Knowledge of the Laws of Strength. — Frt>m the 
point of view of both pure and applii*d science, it would l>e of 
interest to know the complete laws of the strength of materials ; 
but although a multitude of tests have been made in certain simple 
modes, our knowledge of the laws of strength has been extended 
by few experiments exposing the material to two or more prin- 
cipal stresses, and thus, except in the simpler cases, the elastician 
is without experimental guidance as to what he should seek 
analytically as determining the strength of the body under 
consideration. 

“ In the series of experiments herein described the materials 
employed have been subjected to a certfiin variety of siimil- 
taneous principal stresses ; and the results are recorded irf 
the hope that they will prove of service to elasticians and 
engineers. 

“ The simplest, and most primitive, method of ascertaining the- 
strength of a material is to subject a cylindrical spe* imen of it 
to a direct tension or compression, and to increase the force 
until the specimen breaks or collapses; the breaking stress, 
thus found, being taken as the basis for calculations of the 
strength of all pieces of that material used in structures or 
machines. , 

* See Note on next page. 
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‘‘As material is frequently exposed to torsion, another fre- 
quently-employed test is to break a circular cylinder of material 
by the application of a torque, the stress so found being used in 
calculations for shafts, <kc.” 

Note , — This paper was communicated by the Physical Society to the 
London, Edinburgh, and Dublin PhUoaophical Magazine and Journal oj 
Science. It is printed in Vol. L.— Fifth Series, July to December, 1900. 
It occupies 63 pages, and is divided into the following 58 different 
articles : — 


CONTRNTS OF ARTIOLBS. 


1. Lack of Knowledge of Laws of Strength. 

2. Separation of the Isotropic Materials 

into Ductile and Brittle. 

8. The Yield Point in Tension Tests. 

4. The Yield-point, rather than the Ulti- 
mate, Stress the Criterion of Strength. 
6. Variations of the Ultimate and Yield- 
TOint Stresses : Annealing. 

6. The Elastic Limit. 

7. The Elastic-limit Effect probably due to 

the Existence of Local Yield Points. 

^ The Yield Point, in Preference to the 
Elastic Limit, selected as the Criterion 
of Strength. 

9, Torsion a Case of Combined Stress. 

10. First Reason for Use of Thin Tubes as 

Specimens. 

11 . Results of previous Torsion Experiments. 

12. Previous Experiments upon the Yield 

Point under Combined Stress. 

13. Experiments upon Ultimate Strength 

under Combined Stress. 

14. Theories of Elastic Strength under Com- 

bined Stress : the Maximum • stress 
Theory. 

16. The Maximum-strain Theory. 

10. Theorem upon the Limiting values of e. 
(It represents Poisson’s ratio.) 

17. The Maximum -strain Theory not Dis- 

proved by Published Experiments. 

18. The Maximum Shearing-stress Criterion 

of Elastic Strength. / 

19. Further Reasons for Adopting Thin 

Tubes as Specimens. 

to. Range of Stress covered by Different 
Typs of Expriment. 

SI. Method of Checking the Isotropism of 
the Material as regards Yield-point 
Stresses. 

tt. Objections to Tubes on Account of Want 
of Isotropy. 

28. Objections to Tubes on Account of Large 
l^ect of Defects. 

24. The System of Tests. 

86b The Specimens and Holders. 


26. The Tension Loads. 

27. The Application of Torque. 

28. The Friction of the Torsion -rigging. 

29. The Application of the Internal Pi essure. 

50. Measurement of the Fluid Pressure. 

51. A New Type of Pressure Gauge. 

32. Measurement of the Distorsions. 

S3. A New Extensometer. 

34. Errors of Extensometer. 

S6. A New Twist-measuring Apparatus. 

S6. Proof that the Torsion-mirrors Measure 
the Twist, 

87. Effect of Bending. 

88. As a Transmission Dynamometer. 

S9. The Diametral Extensometer. 

40. Method of Making the Tests. 

41. The Determination of the Sectional Area 

and Thickness of the Tubes. 

42. Calculation of the Stresses. 

43. Calculation of the Strains. 

44. Maximum Shear and Slide are Propor 

tional. 

46. Quantities Tabulated. 

46. Results of the Experiments— The Teste 

on Solid Bars. 

47. The Material and Shape of Tubes Satis 

factory. 

48. The Elastic Limit Phenomenon. 

49. Yield-point Stresses of the same type 

nearly Constant throughout Series on 
each Tube. 

50. The Variation of the Maximum Stress. 

51. The Variation of the Maximum Prin- 

cipal Strain. 

62. The Maximum Shearing Stress or Slide 
nearly Constant. 

53. Graphical Presentation of Variations. 

54. Conclusions Probable for General Type 

of Stress. 

55. Effect of a Volumetric Stress (Steel). 

66. Convenient View of General Type of 

stress. 

67. The Copper and Brass Tests and Dia- 

grams. 

68. Pi^ical Conclusions and Note. 


Afl far as I am aware, this paper has not appeared in any other magazine, 
paper, or journal. But, most certainly, all students specially interested 
in tMs su^eot of combined stresses should endeavour to get the loan of 
this Vol. L. and study the paper most carefully. It is too long and too 
detailed to make even a full abstract thereof in this book. 
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**68. Practical Conclusions and Note. — The result, then, of 
these experiments, as applicable to practice, is, that the condition 
for initial yielding of a uniform ductile material is the existence 
of a specific shearing stress. And^ that the intermediate principal 
stress is imihout effect* 

Note. — Cases of more than one principal stress are met 
with most frequently in boilers, hydraulic cylinders, and 
crank-shafts. In the former cases the results obtained above 
lead to the same dimensions as are obtained by the con- 
sideration of the greatest stress only, while the maximum- 
strain theory would lead to the adoption of a smaller 
thickness. In the case of crank-shafts, or ^combined bending 
and twisting,’ both the greatest stress and greatest strain 
theories lead to small dimensions determined from the tensile 
stress, the correspond ng well-known formulas for the * equivalent 
bending moment ’ being 

J(M + >/M2+ T2) and f M + f VM* + 

respectively, where M is the applied bending moment and T the 
applied twisting momen t. The g reatest shearing-stress theory 
leads to the value + T* for the equivalent twisting 

moment, and, where the dimensions are thus determined, that 
formula should be used. 

** It may also be noted that the specific shearing stress at the 
yield point is better determined by taking one-half of the 
tensional yield-point stress, than from the results of torsional 
experiments in which the sharpness of the yield point is masked, 
as explained in § 10 and shown in Fig. 15 of the paper.” 

Miid-Steel Tubes in Compression and under Combined Stress.-- 
Mr. William Mason, A.M.I.Mech.E., of the University of 
Liverpool, read a paper before The Institution of Mechanical 
Engineers on 17th Dec., 1909, upon this subject, f It begins 
as follows ; — 

Prelimina/ry. — One of the most important contributions 
during recent years to our knowledge of the strength of materials 
is the paper by Mr. J. J, Guest on ‘The Strength of Ductile 

*Thi8 part in italics may be fairly termed ''Ouesfs Law of Combined 
Stress.** 

tl am indebted to the Council of The Institution of Mechanical 
Engineers, not only for their kind permission to make the following 
abstracts from Messrs. Mason’s and Smith’s papers, but also for the 
oopper block from which the next figure is printed. These are in the 
Proceedings of the above Institution at pp. 1205, &o.. Parts 3-4, 1909. 
Also see The Engineer , Deo. 24 and 31, 1909, and Engineering^ Dec. 24, 1909 
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Materiiils . under Combined Stress.* The experimental results 
and the conclusions deduced have gradually been brought to the 
notice of engineers, and it is only necessary to re-quote Mr. 
Cuest^s practical conclusion, namely, ‘That the condition for 
initial yielding of a uniform ductile material is the existence of 
a specific shearing stress.’ This result, if true, must be of great 
practical importance j for in all cases of stress (with the excep- 
tions of positive and negative fluid stress) there is shear stress 
induced over certain planes. 

Other investigators* have made experiments in combined 
stress which are confirmatory of Mr. Guest’s conclusion. So far 
as. the author is aware,, very little work has hitherto been done 
in which the compressive stress has been much greater in 
inten^ty than the other stresses. In Mr. Guest’s tests a prin« 
cipal stress, when compressive, never exceeded the other 
principal stress in intensity. Mr. Scoble did work on bars 
under bending and torsion, in which the yield may have been 
due to the stress on either the compressed or^ extended side of 
the bent bar ; and Professor Hancock’s reports only contained 
seyeti ^si» on simultaneous compression and torsion. 

“ Object and Scope of the Experiments . — The work described in 

paper is largely upon comparative yield-point strengths in 
compression and shear ; though in some cases the stresses have 
been carried as far as the rupture or collapse of the material. 
In making tests in compression, it is essential that the force 
shall axial to the specimens. It appeared to tne author that 
this condition might be attained, approximately at any rate, by 
the app^r^tus hereafter described, using tubes as specimens ; and 
ihat, as in Sir. Ouest’s experiments, a second stress, at right 
angles to the direction of the compression, could be conveniently 
imposed by hydraulic pressure in the interior of the tube. 
PjBsides the sets of tests in simple compressidh, and in simultaneous 
comprps^ion and hoop tension, three series of tests were made on 
certain of tlie tubes under cohditions as follows— namely, tests 
u,B^Y;Simple axial tension, simultaneous axial and hoop tension, 
siiqple. axial compression, simultaneous axial compression and 
hoop tqnsipn^ and simultaneous axial and hoop compression. , 
Material for Tests . — The specimen.s were cut from solid- 
mild-steel tub^. ' Two sizes of tubes were useil— namely, 
3 inches bore, 14 gauge (about 0*08 inch thick), and 2f inches 
ogre, 10 gauge (about 0*128 inch thick) ; the former being cold- 

/ r* Professor E. L. Hancock, M’agazinej Feb. and pctHSOS. 

Miif.W.. A. Scoble, Philosophical 'Magazine, Dec. 1906, and Proceedings of 
Sept. 1907* Mr. L. B. Turner, Engineering^ IQtS 



guest's law op combined stress 


111 


drawn and the latter hot-drawn. Various lengths of specimens 
of each of these were tested, the lack of uniformity noticeable in 
the lengths being due to the circumstance that it was dilBcult to 
cut, from the same piece, the required lengths of exactly straight 
tube. Most of the tubes were supplied by the British Mannes- 
mann Tube Company. They had undergone some degree of 
annealing, but not so far that they could be considered isotropic 
for the purpose of the tests. Experiments were made on the 
tubes both in the condition as supplied, and also after further 
annealing. The latter was done by encasing the tubes in a 
longer tube of rather larger diameter, the ends of which were 
blocked up with asbestos and fireclay. The tube and the outer 
casing were kept from contact by narrow rings of asbestos. The 
whole was placed in a coke furnace at a temperature of from 
800* to 850* C., and allowed to remain there about twenty-five 
minutes, the casing (and tube) being turned round about its axis 
from time to time. 

“It was impossible to obtain tubes of exactly uniform thick- 
ness of wall. In a long length of tube the thickness would be 
practically uniform at one section, while at another section there 
might be a considerable variation. The maximum variation in 
thickness of wall of the tubes used in the tests was 0 007 inch, 
means being taken (see description of apparatus for compression 
tests) to obtain uniformity of compressive stress. The ends of 
all the tubes tested were accurately faced up in the lathe.'' 

Mr. Mason then illustrates the apparatus and describes the 
method which he adopted of holding the tube ends during the 
application of tension, compression, shear, simultaneous axial 
and hoop compression, simultaneous compression and hoop 
tension, and the measurement of strains by Ewing's extenso- 
meters.* 

The tests were made by the 100-ton Buckton testing machine 
in the Walker Engineering Laboratory of the University of 
Liverpool, under the supervision and encouragement of my old 
student and assistant, Professor Walkinson, M.Inst.C.E., &c. 

' He explains the results of his tests, gives tables of the res'ults, 
and diagrams showing the strengths of tubes when not annealed 
and after being annealed. 

His conclusion is — “ That the experiments show an approxi- 
mate agreement between the maximum shear stress at the yield 
point in compression and the yield-point stress in pure ^ear, 
the,, mean difference in the tests of annealed specimens being 
about 3 per cent. It appears, then, that mild steel in direct 
isompression * yields by shearing ; and, to a first approximation, 

* See Index for the page in this book where this instrument is desettbbd.'^ 
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that the value of this shear stress is independent of any normal 
compressive stress on the planes of the slide.” 

Compound Stress Experiments. — At the same meeting of the 
Institution of Mechanical Engineers, Prof. 0. A. M. Smith, B.Sc., 
read a paper on this subject.* 

“ (I.) Theories of Elastic Failure . — The object of this paper is 
to give certain experimental results which have been obtained 
upon solid steel bars subjected to compound or combined stress. 
An attempt is made to indicate briefly the methods used during 
the experiments. 

“ The practical results of such experiments are chiefly con- 
nected with the design of crank-shafts, and that matter is 
therefore discussed. 

** The following systems of loading the specimen were 
adopted, and in each case the maximum stress on the material 
at elastic failure was noted : — (1) Compression only ; (2) torsion 
only ; (3) combined compression and torsion ; (4) tension only ; 
(5) combined tension and torsion. The notation for such stresses, 
used throughout the paper, is — for compression, for tension, 

; for torsion, q. 

There are four theories of elastic failure of materials : — 

*‘(1) The Maocimum Principal Stress Theory . — This is known 
as the Rankine theory, and may be calculated by the formula — 



(2) The Maocimum Principal Strain Theory . — This is known 
as St. Venant’s theory, and may be calculated by the formula — 



(3) The Maximum Shear-stress Theory , — This has been called, 
for mild steel, Guest's law, and may be calculated by the 
formula — 



> *Thi8 paper is printed immediately after that of Mr. Mason’s on pp. 
1237, &c., of Parts 3-4, 1909, Proc. Inst. Mechanical Engineers. 

t ^e Equation V., Lecture IV., in this Vol. 11., where /| is used instead 
of p,/« instead of v, and/ instead of 0|. 

/ 
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•• (4) The IntemaUJriction Theory . — This is known as Navier’s 
theory, and may be calculated from a formula — 


+ 5^2 sec 9 4 - ? tan <p = C 4 . 

“ The results of the author’s experiments show that, for mild 
steel, elastic failure takes place by reason of the maximum shear 
stress under all conditions of loading.” 


DiacuMton.* — Mr. J. J. Guest, in opening the discusaion, said the 
members had had the pleasure of listening to two exceedingly interesting 
Papers, but he wished by way of criticism to say that the authors had not 
exactly explained what they were aiming at. He made that remark 
because it was best to assume that some in an audience had not had time 
to digest the Papers presented, and would appreciate the discussion more 
fully for a sketch of the general trend of the research. He hoped the 
autnors would therefore excuse him if he said a few words upon that point. 

If a specimen in an ordinary testing-machine wen pulled, it was possible 
to ascertain that it broke at so many pounds per square inch. Taking a 
member in a bridge which was in tension or compression, it could be 
compared directly with the result of the experiment In the next place, 
take a piece of mild steel and put it into a boiler which was unstayed. 
There was a hoop stress round the circumference, and any rectangular 
part of the material (cut along the length and oircun^erence) was subjected 
to a corresponding pull on its two ends. At the same time the two ends of 
the boiler tended to go off, and that made another pull of the material at 
right angles to the first pull; so that that piece of the material was 
subjected to tension in two directions at right angles. The ordinary 
testing-machine experiment gave no definite indication of the strength of 
the material under such circumstances, it only gave an approximation. 
Was it possible to ascertain what the effect of this second tension was on 
the resistance of the material ; would it lower the strength of the material 
subjected to the first stress? If the material yielded at 21,000 lbs. per 
square inch in the testing- machine, and there were 20,000 lbs. one way, and 
10,000 lbs. the other way, was that 10,000 lbs. going to make the material 
yield T That was the question they were trying to answer. 

The important case of the crank shaft, which Professor Smith had 
referred to, was similar but opposite. The second tension was then a 
compression. He commenced alraut ten or twelve years ago to tiy and find 
out the effect of the second stress, and, for the purpose, conducted a certain 
range of experiments. They did hot answer everything, but they satisfied 
him that the shearing stress was the governing factor. The authors had 
extended that work in certain ways (see diagram). 

He wished to criticise Mr. Mason's diagram on pages 1220-1 but only 
because he did not think the author had been quite fair in putting tha 
figure in the manner in which he did. The author (Mr. Mason) had 


* Students interested in this subject should study these two papers and 
the discussion thereon, which form a most important contribution to this 
subject of Comhined Streuea in Ductile MaUridU. Also, see Enoineerim§^ 
Deo. 24, 1009, and The Engineer^ Dec. 24 and 31, 1909, for abstiaots, fte. 
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thQ. material Hi tension and found that it yielded at an a^ial stress 
repre^nted by the point A in the following figure. Then he did the boiler 
experiment, only more so. As much tension was obtained one way as the 
other, and the material yielded at stresses represented by the point B. So 
much tension axially ana the same tension circumferentially were applied 
and a yield obtained under equal axial and hoop tension. That told one 
about the boiler case, but at the point B. It was possible to put on the 
material^ a, tension up to C in a testing-machine, and it had a margin of 
dr a certain, factor of safety. Other tensions at right angles to 
|tj Ais rfepresentfed by CD, could be added on (not in a testing-mn chine), but 
it would not make the material any more likely to yield — that is, the 
second tension would not eflfect the yielding of the material under the first 
^ al); Mr. Mason Jihen put the material in compression, and obtained a 
Jield-pibint represented by the point E (or more properly K). Then be 
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jso ' much tSnsion and an equal amount of compression, but he icould 
nbiSitJ ^tl/is cash apply nearly ae much stress. As he applied the stresses 
th^mht^ial yielded at a point represented by F. That was the case of a 
shaft in .torsion. With a compression instead of a tension the second stress 
H^d haV^ an effect on the power of the material to resist. 
p^Mr.'‘ Mil^^ii 'tbeh subiected the material to two compressive stressed 
hffa fdhnd that it yielded under stresses represented by the points 
This- was the exactly opposite case to the two tensions case B. The 
IqBpBrintental, detenuiqation of this point H was very difficult, owing to 
Ib^rlugh stresses involved in material which tended to buckle. I|hi8 pev( 
yf <^the?ii^ork.waa quite new, and Mr. Mason was to be congraiulated on h|s 
oli^Sir, piece }of workf : It showed that thp second compressive stress had no 


guest’s law op combined stress. 115 

effept on the capability of the material to withstand the first compressive 
stress. 

Now Mr. Mason had obtained points A, F, E (or rather the corre- 
sponding point K) and H, on the diagram, but the speaker did not 
think that Mr. Mason should duplicate the diagram by reflection in the 
line BH. The point L should be reserved for hoop tension, which Mr. 
Mason did not experiment on. With his apparatus, Mr. Mason could 
obtain this point and then could justifiably mark it on the diagram, and it 
would afford some information as to whether the material of the tubes were 
isotropic. The diagram represented the whole case for a material 
subjected to two stresses — the important range for engineering. It would 
be desirable to have experiments on material subjected to three stresses, 
and that, he supposed, was the next step to be taken. 

Turning to Frofessor Smith’s paper, he would first reply to Professor 
Smith’s criticism of his use of tubes. Professor Smith strongly objected to 
tubular specimens, but personally he thought that tubes were very suitable 
for some experiments. In his own experiments he had obtained a sequence 
of points running from A to B, and then along B towards L, and also 
from A to F. Mr. Mason had added the point H, and Professor Smith 
had made sure of the additional piece F E by obtaining a number of points 
along it. In attacking the subject, he had naturally selected the easiest 
route— the part BAF was easier than FE or the point H, the parts 
investigated by Professor Smith and Mr. Mason— for these latter parts 
involved difficulties due to the instability of the specimen. 

In his own experiments, one of his difficulties was the accurate control 
of the pressure of the fluid inside the tubes (probably due to the small size 
of the secondary intensifier), but he did manage to get the points in which 
the tensions were equal in the two directions and went round the corner 
from B towards L. It, however, took some doing, and to load up using 
fluid pressure in apparently the way Mr. Mason had done was a aifficult 
matter. The object of sucn experimental work, to find the effect of the 
eecond stress upon the yield point of a material already subjected to 
one stress, was represented by the determination of the line on the 
diagram which the research hail shown to be B A FE H. And this line 
^ad been fairly well determined along B A F £ and the point H also 
found. 

Complete knowledge of the law of the yield would include the case for 
three stresses at right angles. In certain cases small third stresses had 
occurred, and he had stated in his papers his conclusion from his experi- 
ments. To investigate properly the case for three dimensions would be 
very difficult, though there was an easy case or two. When one considered 
the cases met with in actual practice, it would almost always be found that 
the yield occurred first on the surface, and that there, one of the three 
principal stresses was zero or small. 

Mr. Mason and Professor Smith, working independently, had fortunately 
taken two different parts of the curve to experiment upon. It would have 
been very unfortunate if two men had put in such an immense amount of 
work upon exactly the same thing, and some collaboration might be 
suggested. If the results and curves in the papers were referred to. it 
would be noticed that Mr. Mason’s points did not come so exactly in a line 
as Professor Smith’s did. This was partly accounted for by the fact that 
Professor Smith had elaborated his apparatus, and adopted the refinement 
of taking account of how far the axis of stress was from the axis of the 
specimen. There was no doubt that it never was exactly coincident, but 
it could be arranged to be fairly near. However, a testing machine was 
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not a precision tool ; it was a very accurate weighing machine. Too much 
was not to be expected from it. 

The author stated, in the second place, **The ms^rial is not isotropic. 
Annealing reduces this evil, but it seems to be doubt ul whether it entirely 
removes it. ” Personally he was very careful about the tubes he used. So 
far from the tubes not being isotropic, he thought they had an advantage 
in that respect. A tube could be made in one or two ways : either it was 
drawn through a die, or else it was rolled down by the Mannesmann 
process. Commercial considerations tended to greater drafts on the tube 
material, and to the use of tools until so worn that the commercial accurat y 
was impaired. The defects caused by overdrawing were well known, and 
the accuracy of the tubes used could be ascertained, and those with serious 
errors rejected before further work was done upon them. His tubes were 
smaller in diameter than Mr. Mason’s, but he had never found the tubes 
seven-thousandths of an inch out, as Mr. Mason had the misfortune to do; 
they were very close indeed to being accurate. He supposed all the dies 
were ground. If one wished to draw a tube or wire with the least number 
of passes, and make a very heavy draft on it, a certain series of defects 
occurred in the tube or wire. The right-hand figure on p. 114 was a 
magnified section of the defects. Sometimes they were so big that they 
could be seen. Such a tube was not isotropic by any means, and it would 
be better not to experiment with it. It was better to make sure, first of 
all, that the tube was isotropic. A wire was exactly the same ; sometimes 
it was possible to break the wire off and get a conical section. If a piece 
of pianoforte wire were taken which had been drawn very hard, and if it 
were pulled and pushed, forming a loop, two or three times, it could 1 e 
split down the middle because of those defects ; but such tubes were not 
being dealt with, only carefully-made tubes. When the tube was obtained, 
they had, first of all, the power of applying a stress to it by a direct pull, 
and then there was the power of adding a circumferential stress by internal 
pressure. By containing these two it was possible to see whether the 
material was isotropic or not, because if the two interchanged and the 
same results were not obtained, then it was known that the material was 
not isotropic ; and although if the same results were obtained, then, while 
it was not a complete proof that the material of the tube was isotropic, it 
certainly gave a great degree of confidence. He did not see how that 
could be done on a solid specimen with the same certainty of getting 
the result. 

If a right-hand torsion was applied to the tube, and a certain result 
was obtained, the results of applying a left-hand torsion would give a 

f ood hint whether the material was isotropic or not. A tension could also 
e put on it simultaneously with a torque, which practically had the effect 
of twisting the whole thing round and altering the ratios. It could be 
tried at a different angle. He tried all those, and found that the tubes 
were satisfactory. 

Mr. George C. Douglas, M.I.M.E., wrote that, **it was interesting to 
note that the authors, from their experience, confirmed Guest’s shear- 
streps theory of elastic failure. He believed he was correct in Faying, that 
most of the breakdowns in gas engines had happened through the fracture 
of their crank*shaft8, and if the author’s experiments did nothing more 
than confirm the ideas which now obtained that gas-engine crank-shafts 
should be made stronger than was thought necessary a few years ago, their 
work would not have been in vain. But work such as theirs and work by 
others, os evidenced in previous papers, went much further, in so far that 
they provided data which could be safely used by themselves or others in 
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determining, say, for instance, the ultimate state of matter. However, 
before savins anything about what mi^ht be done in the future, he would 
like to asK if a note was taken of the time during which each specimen was 
subjected to stress, and of the temperature.” 

Mr. Douglas then suggested an analogy between the behaviour of mild 
steel under combined stresses, in which it was shown that the determining 
factor was ** shear,” and Prof. Ewing’s classical experiments on the 
^'Hysteres's Effects” produced in iron and steel during their magnetisa* 
tion and demagnetisation. Finally, he explained, by aid of figures, certain 
experiments which he had carried out. 



POWER THAT STEEL SHAFTING WILL TRANSMIT AT VARIOUS SPEEDS. 

From Tht Prcictical Engineer, September %, 189S. By A. O. Bbowh, ILE. 
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- 1 J '• ;j f.t.'f n (nA9if, if 

-h:‘; rf: u‘ ^ 

• : . . .. . . . ■ :.• Vfi 

•'^ . ' * Lboturb IV’.— Questions. U,yui>Jit 

-• . 1 I *. .' •» J . i><.viJ3JA*|' Jl 

'1^ A 10-incK shaft has a 4-inch hole run through’ it*; what'fr^ctiotf 
its w^jglit is remov'Od ? To what extent is- its strength in' resi stingy tdfsl^' 

' A 16 per cent,; 2*5 per cent, nearly. / . ./ j i 

' ji* A iiollbw shaft is 10 inches external diameter and 4 inches ihteril^l 
di^eW ; compare its strength to resist torsion with that Of' a ^lid‘ shtefif 
of the, same weight. Arts. 1*26 times as strong. ‘ • ; i! iva 

\ C^indrical bars of metal, each of 1 inch diameter, hre esfp66e<l*to 
torsion by weights applied at the end of a 12-inch lever. ' What would W 
the pTobable ultimate strength in the case of good specimens of ' wi^tiglW 
iron and cast iron. State the law according to whidi the strength. OQ 
shafting increases by increasing its diameter. ‘A»s, W1 800 Ibs; ; O't 
6^ lbs. . 

'4. If a wrought -iron shaft of 1 inch diameter is broken bythe toirsion*- 
q| a load of 800 lbs. acting at the end of a 12-inch lever, find the Weight* 
which, when applied to the end of the same lever, would break a iihaftbf 
tie same material, but 3 inches in diameter. State, in geileral teriti^F,- the' 
reasoning by which you arrive at the result. Aru, 21,600166. * • j 

6. If a shaft of 3 inches diameter transmits safely 83 horse-power ^alf 
100 revolutions | er minute, what siae of shaft will transmit safely 20 hctee- 
power at 150 revolutions per minute. Ans. 2*22 inches. ‘ 

6. If 800 lbs. at the end of a 12-mch lever be a safe stress to apply to a 

wrought-iron bar 1 square inch in section, find the effort - which* a shaft 
2, mches in diameter can transmit at the circumference of a pulley one fooh 
in diameter, and makin g 300 revolutions per minute. Find also the horso'^ 
power transmitted. Ana, 8,912 lbs.; 254 H.P. . 

7. A shaft is of given material and given diameter, find an expresssooi 
for the moment of resistance to toxtiion. Given the maximum stress^ it» 
which the material may be subjected, find the diameter of a shaft. which 
^11 transmit a given horse-power at a given number of revolutionsi pen 

minute. , . « . ' . L* ' 

8. A twisting moment of 9,600 inch-pounds is sufficient to brcafc:a 

wrought-iron shaft of 1 inch diameter. Use 6 as a factor of safety, and' 
hence determine what horse-power can be safely transmitted / through, a: 
shaft of 3 inches diameter when running at 120 revolutions per minute. 
Prove the formula which you employ. Ana. 82*3 H.P* , . . - . ...i 

9. Investigate an expression for the moment of resistance to torsion .ob 

a given cylindrical shaft when subjected to a given twisting- moment/- 
What is the maximum horse-power which could be transmitted by a shaft 
3 inches in diameter when making 150 revolutions per minute, it beings 
given that the shearing stress in the material is not to exceed 7,600 Ibs^ 
per square inch? Ana. 94*6 H.P. * 

10. If d be the angle of twist expressed in circular measure in a length 

of shafting I, M the twisting moment, C the modulus of transverse* 
elasticity, and d the diameter of the shaft, prove that-*- ...» 

. 10-2M/ I 

11. A horizontal bar of round iron, 1 inch diameter, 6 feet long, hinged 
at the ends, is subjected to equal and opposite pushing forces of 1,000 
lbs. at its ends, and a load of 10 lbs. is hung at the middle so that it is 
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both # bBBm Mid » Binit. Find the sreatest strese anywhere. £ s: 29 x 10* 
lb|* per miere inch. An$, 4,180 lbs. per square inoh (oompression). 

19. Find the inside and outside diameters of a hollow steel shaft, the 
intemel diameter being ( of the external diameter. The shaft is to 
limiismit 9,000 H.P. at 116 revolutions. Suppose the maximum twisting 
moment to be 1*3 times its mean value and the maximum stress allowed in 
the material to be 10,000 lbs. per square inoh. Prove the truth of the 
formula which you use. An$. 13*76 ins. outside diameter, 8*5 inside. 

II. A shaft transmits 35 horse-power at 130 revolutions per minute ; 
whpt is the twisting moment in pound feet? What is the nature of the 
strain aild stress in the shaft? Ans, 1,413 lbs. 

14. A wire of Siemens steel, 0*1 inoh diameter, is to be twisted till it 
breaks. Sketeh the arrangement ; show how the angle of twist and the 
twisting moment are measured ; how the results may plotted on squared 
paper, and the sort of results that may be expeoted. In what way may a 
wire of twice the diameter be expected to behave. After twisting suoh a 
wire much bevond permanent set, suppose the twisting torque to be 
removed, in what state of internal strain might one expect to find the 
nmterial? 

II. A hollow tube of aluminium bronze, 1 inch diameter inside, li inches 
diameter outside, is to be twisted till it breaks. How would you arrange 
the experiment without any special testing machine? Show on squared 
paper what sort of results you would expect. If the modulus of rigidity 
of the material is 6*3 x l(r lbs. per square inoh, what twisting moment 
will produce a twist of 0*001 radian per inoh ? What is now the greatest 
street? Am, T M » 740 lb. -ins. ; / 3,240 lbs. per square inch. 

16. Suppose that a shaft of I inch diameter may be safely subjected to 
a torque of 2,000 pound-inches, what torque will a 2i-inch shaft safely 
teeist? Calculate the horse-power which may be transmitted by the latter 
abaft if its speed is 150 revolutions per minute. How does the shear stress 
ip a circular shaft, subjected to twistii^, depend upon distance from the 
oeatre? Am, TM = 22,800 lb. -ins. ; U.P. = 54*2. 

17. A steel shaft is to be used to transmit power a distance of 75 feet ; 
the twist on the whole length is not to exceed 22i”, nor the stress to exceed 
8,100 lbs. per square inch : what must be the diameter of the shaft, and 
what H.P. can oe passed through it at 135 revolutions a minute ? (Modulus 
of trapsverse elasticity » 12 x 10* lbs. per square inch.) Am, Diam. n 
1*25 ins.; H.P. 123. 

18. Compare the strength of two cylindrical shafts, subieoted to purs 
torsion, if their diameters are 1} and 2} inches res^tively. Assuming 
that the cost of such shafting is dirOotly proportional to its weight, what 
would be the relative costs ? Am. 1 : 1 *66. 

19. Obtain a formula for the diameter of a shaft, giving the twisting 
mosMnt to which it is exposed, and the maximum stress allowed in the 
smterial : — A shaft 15 inches in diameter is exposed to a twisting moment 
of 927,800 foot-pounds, and to a maximum Mnding moment of ^3 foot- 
tons: find (a) the maximum stress set up in the material, (6) the twisting 
moment required to produce the same stress if there were no bending 
moment acting with it. 

20. The two halves of a flange coupling are fastened together by four 
round wrouffht-iron bolts. The diameter of the bolt circle is 10 inches, 
and the shaft transmits 120 H.P. when making 120 revolutions per minute. 
Assuming a suitable sheer stress for the bolts, find their diameter. Am. 

I inok 
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21. Find the* diameter of the propeller shaft for a ship, each engine of 
which develops 10,000 H.P. when going at 120 revolutions per minute. 
You may assume that the shaft is subjected to pure torsion, and that the 
safe shear stress of the material is 5 tons per square inch. 

22. The screw shaft of a high-speed vessel is 6 inches external and S 
inches internal diameter, and rotates 400 times a minute. If the intensity 
of stress is limited to 5 tons per square inch, find the maximum horse- 
power that can be safely transmitted, the shaft being supposed subjected 
to twisting only. If the length of the shaft between the thrust block and 
the screw be 60 feet, find the angle of torsion of the shaft, the modulus of 
rigidity being 4,600 tons per square inch. An8» U.P. = 2,830, $ = 16*3^. 

23. In an overhanging crank, the crank-arm radius is 16 inches and the 
distance between the centre of the crank-pin and the centre of the near 
crank -shaft bearing is 12 inches. When the connecting-rod is at right 
angles to the crank, the thrust along the rod is 5,000 lbs. Estimate the 
maximum tensile and shearing stresses in the crank-shaft, the diameter of 
the crank-shaft being 5 inches. Ans. Shear stress = 3,260 lbs. per square 
inch ; tensile 4,890 lbs. per square inch. 
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Lecture IV. —I.C.E. Questions. 

i . . ^ jT 

• L A turbine is connected to a dynamo, placed vertically above it/bjl^ 
k shaft 2 feet in diameter made of steel plate | inch thick. Calculate. tb9r 
diameter of a solid shaft of the same material to transmit the same, pQweii. 
at the same speed with the same maximum skin stress, due to twist.1 ^ihd 
the relative weights. Ana. Diameter solid shaft = 13*9 inches. 

Weights *304 : 1. , , ,V> 

‘2. A mild steel shaft transmits 100 H.P. at 120 revolutions per 
and is subjected to a maximum bending moment of 2,000 lb. •fe^. C;;^a4p 

• suitable diameter if the maximum resultant stress is not to exoee4>^»0iHte 

lbs. per square inch. A ts. 4*5 inches. . ^ u ^ 

3. A shaft, 3 inches in diameter, running at 250 revolutions per minute, 
transmits 50 H.P. Find the maximum stress and the twist of the shaft in 
degrees in a length of lOO feet. The rigidity modulus is 12,000,000 lbs. 
per s^are inch. Ans. 2,400 lbs. per square inch. 9** per 100 feet. 

4. Prove the common formula for the resultant stress in a circular shaft 
subject to combined bending and twisting. 

5. A shaft 8 is driven at a speed of 800 revolutions per minute by means 
of an engine of 300 H.P., the speed of piston being 500 feet per minute. 
The connection between the shaft S and that of the engine is effected by 
a belt which embraces a pulley of 8 inches diameter on the shaft 8. 
Neglecting losses by friction, estimate the mean pull and thrust of the 
piston-rod, the torsion of the shaft S, and the tension of the belt, assuming 
that of the slacker side to be one-third of that of the tighter. 

6. A shaft 20 feet long has to transmit a twisting movement of 1,000 
lb. -feet when revolving at 200 revolutions per minute. Find the required 
diameter so that the shaft will not twist more than 2 degrees, ana that 
the maximum stress shall not exceed 5 tons per square inch. Ana. Dia- 
meter =2*9 inches for stiffness ; 1'8 inch for strengtli. 

7. A marine engine whose mechanical efficiency is 88 per cent, indicates 
1,000 H.P., and runs at 80 revolutions per minute. The speed of the ship 
is 12 knots. What size would you make the propeller shaft for this engine 
if solid, allowing 4 tons per square inch? What would be the direct 
compression stress in it l^tween the propeller and the thrust block, and 
what would be the stress due to the twisting moment between the engine 
and the thrust block ? Ana. 8 inches ; *23 ; 4*5 tons per square inch. 

8. Two steel shafts 6 inches in diameter have to be coupled together by 
an ordinary coupling. The diameter of the pitch circle of the bolts is 13*5 
inches, and the torque is 6,000 foot-lbs. Calculate the number and size of 
the Wts (steel), and make a hand sketch of the coupling. 

9. What conditions determine the dimensions of the crank pin of a 
simple overhung crank ? 

10. The crank shaft for a gas engine should be much larger in diameter 
than the shaft of a steam engine of the same power and speed. Why is 
Ihis ? 

11. A wrought-iron crank shaft, 6 inches diameter and 20 feet long, has 
a load applied to the crank which twists the ends through an angle of 2° ; 
taking the coefficient of transverse elasticity as 9,000,000 lbs. per square 
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inch, what is the stress at the extreme fibre ‘i Ans. 3,930 lbs. per square 
inch. 

12. A shaft has to transmit 60 H.P. at 300 revolutions per minute, find 
the required diameter of the shaft, so that the extreme fibre stress may not 
exceed 5 tons per square inch. Ans, 1*68 inch. 

13. Determine an expression for the amount of twist in a circular shaft 
under a given twisting moment. A steel shaft is 3 inchesjn diameter and 
60 feet long ; find the angle in degrees through which it will be twisted 
if subjected at one end to a twisting moment of 20,000 lb. -inches. 

14. What horse-power can be transmitted by a steel shaft 4 indies in 
diameter when running at 300 revolutions per minute ; the stress in the 
extreme fibre to be 6 tons per square inch ? 
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LECTURE V. 

STRENGTH AND ELASTICITY OF MATERIALS. 

TESTING AND TESTING MACHINES. 

Contents. — Short History of Mechanical Testing Machines — Advantages 
of Laboratoi^ Testing to Young Engineers — Mechanical plus Chemi- 
cal and Microscopic Tests of Engineering Maierials — Different 
Mechanical Tests— Necessity for a Careful Prior Investigation of the 
Kind of Stresses to which the Structure may be Subjected — Investiga- 
tions of Accidents and Breakages — Prof. Ba^s Wire- Testing Machine 
— Line Diagrams of Three Leading Tyx>es of Testing l^uihines — 
Thirty-Ton Single-Lever Vertical Testing Machine, with Autognmhio 
Recoraer — Fifty-Ton Single-Lever Testing Machine— Buck ton a &>.'• 
800- Ton Universal Testing Machine for Full-sized Structural Members 
— Equipment of this Marine for Different Kinds of Tests — A Con- 
venient Method of Obtaining and Regulating the Pressure and Flow 
of Water to the Ram of a Testing Machine--^roportiona of Test- Bars 
and their Attachment in Tensile Tests — Transverse Bar - Testing 
Machines — Cross Bending, Ac.— Admiralty Rules for Testing Materials 
for Machinery^ French Methods of Testing Materials of Construction- 
Publications Dealing with Engineering Tests and Materials— Questions. 

Short History dt Meehanieal Testing Machines.— Instead ol 
actually loading a specimen direct with dead weights, we may save both 
time and labour by using a testing machine which measures by some more 
or less convenient ** advantage or ** moment*’ the stress or load applied 
to a specimen. The gmter the load required to test the specimen, the 
greater will be the saving between direct loading and the application of 
the desired stress in an up-to-aate accurate testing machine, which is simply 
an ingeniously devised and refined weighing apparatus. 

Naturally, the most primitive form of testing machine was to fix one 
end of the specimen to a rigid foundation, then to attach the other end 
of the specimen to the enu of the shorter arm of a balancing lever, and 
put known weights into the scale pan hung from the end of the longer 
arm until the desired effect wa» proauoed on the specimen. 

In 1813 an improvement i^n this simple arrangement was made and 
introduced into the Royal Dockyard at Woolwich by the well-known 
inventor of the hydraulic press, w. Bramah of Pimlico, London, for the 
purpose of testing the chain cables for mooring ships, which were then 
taking the place of rope hawsers. This machine had a fixed hydrauUo 
cylinder with its ram-nead hooked on to one end of the chain to be 
tested. The other end of the chain was attached to levers with balancing 
weights, whereby the stresses produced upon the chain by the pressure 
of water on the ram were indicated. 

In 1852 Ludwig Werder, of Nfimberg, made a machine for appljnng 
both tension and compression stresses to test specimens. 

From April, 1858, to September, 1861, Mr. David Kirkaldy, head 
draughtsman to Robert Napier A Sons, Engineers and Shipbuilders, 
Glasgow, carried out a most erosive and careful set of tests and other 
sxMriments upon ** homo” and ** puddled” steels for marine steam boilers 
and machinery, as well as upon the iron plates and angle irons of H.M. 
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armour caqed ships ** Black Prince” and ** Hector”; and The Institution 
of Engineers and Shipbuilders in Sootlanrl awarded him their Prize Gold 
Medal for his communication ** Experiments on Iron and Steel” * 

From the beginning of 1862 to June, 1864, Mr. David Kirkaldy devotetl 
two and a half years to the designing, drawing, and patenting of a specially 
large new form of horizontal testing machine, which he then entrusted to 
Greenwood & Hatley, Leeds, to make under his supervision. This machine 
was finally set to work ab The Grove, 99 Southwark Street, London, on 
the let January. 1866, for the purpose of public and private testing, and is 
still doing' good work to the present day. By this machine, columns of 
any length up to 21 feet 6 inches by 2 feet by 2 feet 8 inches can be tested 
up to 270 tons, which gives some idea of its size and capabilities. It was 
arranged lor tension, compression, and deflection tests. f • The author had 
the pleasure of seeing this machine at work in 1873, and of having its 
construction, action, and uses explained to him by the designer: 

There can be no doubt, that to Mr. David Kirkaldy, M.In8t.C.B., &o., 
belongs the credit of first designing and setting to work an accurate, large 
testing machine, as well as Of carrying out thousands of different reliable 
experiiheiits with it for various governments, firms, and persons. The 
more important and larger sizes of testing machines used in many works 
and laboratories in Europe have been based upon the leading principle of 
this machine — viz., that of applying the load to the test-piece by water 
pressure iti a hydraulic cylinder and of measuring the load b^ a weight. 

From 186U to 1S70, Herr Wohler carried out many experiments oh iron 
and steel, and devised several testing machines for subjecting specimens to 
oft*repeated stresses, or fatigue. 

In 1872-73, Lord Kelyin’s Hydrostatic Testing Machine was first used 
for testing thou^nds of miles of the sheathing wires for submarine cables. 
fSee the author’s Manual of Applied Mechariica for figure and description.) 

In 1879, Mr. A. H. Emery built and started a testing machine at the 
Watertown Arsenal, U.S.A., with a peculiar diaphragm-piston or pi^ess 
cylinder, Ac., which could do all the different tests of Kirkaldy’s machine, 
and subject columns 30 feet long by 2 feet 6 inches by 2 feet 6 inches to at 
least the same thrust, or 357 im^rial tohs.^ 

In August, 1882, Mr. J. H. Wicksteed, of Leeds, described in his paper ^ 
read 'before the Institution of Mechanical Engineers, his special form of 
Single- Lever Testing Machine; and, in February, 1^6, before the same 
Institution, his ” Autographic Test* Recording Apparatus” for use with his 
vertical eir horizontal testing machines. 

In 1894, the great Charlottenberg testing machine was installed. It 
tests up to 492 imperial tons, and takes in columns 49 feet long by 2 feet 
7< inches by 2 feet 7 inches. 

' ♦ Sea Trana. tnai, E, and fi'., 1862-63, voL vi., p. 27, for Mr. Kirkaldy’s 
paper With conclusions and discussion ; also vol. vii., p. 134, for an account 
of the prbseptation Of the medal. 

' t All students interested in Meehanmal Testing and Testing Machines 
should try and see the large book by W. G. Kirkaldy on Strength and 
Properties of Materials with Description of the System oj Testing ^ published 
oy SampsOh'Ldw, Marstdn, Searle ft ’Rivington, Limited, London, since 
tuey.will find therein a large '^Ufiiitity of useful data, with illustrations and 
desc^.ptioh pf tke above- mentioned^ 1866 Kirkaldy' Testing M^achine. 

't Sefe veil IxitviiL-, /Vbc. Inst. p. 14, for Prof. Kennedy’s paper 

(in ^^‘Ehghieering ‘Liibbratories,^ ivhere further historical and other data 
willWfotmff. • 

H ^ !' ’ ■ 1. • ■ ' • 
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In 1903, Mr* J* H. Wicksteed, President Inst M.E., desim^ end hir 
fiiin, JoshuA Buckton k Co., Limited, of Leeds, miule and installed a 
300- ton Universal Testing Machine at the Testing Laboratory of the 
Conservatoire des Arts et Metiers. This machine is 130 feet m length 
and 120 tons in weight. It will take in columns 88 feet long by 3 feet 
3 inches (eaoh way), and tension members of the same length and diameter. ^ 

Advantages of Laboratory Testing to Yoieg Engineers.— 

During an ordinary apprenticeship in a works or pupilage in a civil 
engineer’s office, the average young engineer does neither have much 
opportunity of studying scientifically the physical, chemical, and micro- 
scopic (or minute structural) properties of the metals with which he may 
be brought into contact, nor their strengths and elasticities under 
different kinds of stresses. Moreover, he has seldom full access to 
sj^ifications wherein the various tests to be applied to the work in 
hand are detailed. True, he can attend evening science and techno- 
logical lectures, or study at home under a system of ** tuition by 
correspondence.” But, neither his ^prenticeship nor his evening 
itiidies, however well performed, will afitord him the same comprehensive 
ghksp,' or give him the same intimate and useful insight into the 
properties, behaviour, and efficiencies of engineering materials and 
machines as a thoroughly good set of day engineering laboratory courses. 
There, ^ he oan> be taught not only how to arrange for, but to make by 
bvktiselft or in conjunction with other students, accurate measurements, 
tests, and a vanety of experiments. 

Professor A.: B. W. Kennedy was the first person to start, in 1878, at 
University Oollege, London, such an Engineering Laboratory ; and now, 
aost of our Universities and larger Technical Cmleges possess imitations 
of, and even improvements upon, what he initiated. Consequently^ 

a engineers who can spare the time and the money may attend and be 
y benefited by such practical Laboratory courses. 

‘ This slight diversion here on the author’s part from his otherwise strict 
Adhesion to explanatory diagrams, calculations, and technical explanations, 
is partly due to the fact, that he is indebted to Profs. Kennedy and Ewing, 
hs well as to the Institution of Civil Engineers, for permission to reproduce 
in this lecture a number of figures with explanations of the actual testing 
machines uSed bv them and their students in their laboratories. A careful 
Study of these descriptions, as well as of the other testing machines for 
works, with the references to papers and books, will no doubt prepare 
those who have served an apprenticeship to mechanical engineering to 
tnake tests with similar machines. They will also help pupils who have 
not yet done so, but who intend to enter upon a laboratory course or who 
have begun the same, to understand the actual machines and the different 
tests far better than if they had previously never read about them. 


•See Mr. J. H. Wicksteed’s 1904 B.A. paper on “A Universal Testing 
Machine of 300 tons for Full-sized Structural Memberai,” and description 
of this machine in this lecture- 
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Mechanical plus Chemical and Microscople Tests of Engineer- 
ings, Materials* It is now generally reoognis^, that prior to the de- 
signing and during the manufacture of all important new engineerinff 
struotura, speoimens of the proposed and of the actual materiau should 
be subjectea to certain tests and investigations which shall, as far as 
possible, imitate and prove their Btness to withstand the very stresses 
and strains, as weU as the other affecting influences, to which the dif- 
ferent parts of the structure may have to be subjected, during their 
useful existence. 

In many cases, mere mechanical tests will not reveal the complete aU- 
round knowledge of the fitness of a specimen - or even of a complete 
member—to withstand in the best manner possible, and for the longest 
time, the various influences which may be brought to bear upon engineering 
materials during their lifetime. Hence, it is frequently necessary, timt these 
mechanical tests — however skilfully applied and their results accurately 
measured, tabulated, and considered — should be accompanied by exact 
chemical analysis, as well as by careful microscopic ockservations with 
photo-micrographs. * 

MieriograpkB,--^Qt example, the researches of Professor J. 0. Arnold, t 
at the University College, Sheffield, have revealed, that almost invariably 
tmall steel castings exhibited in the first stage of their manufacture the 
WidmannsUitten figures, when the carbon in the steel was near the 
semi - saturation point of steel — viz., 0*45 per cent. His researches 
involved a close investigation of the influence of mass, and hence the 
experimental castings varied from 28 lbs. to 2 tons. In the heavier 
castings the particmar Widmannstatten figures already mentioned are 
seldom to be found, since the slow cooling of the mass exerted an 
influence similar to that of annealing, which operation causes a change 
in the structure so profound as almost always to destroy these 
figures. 

Tht Steel Ceding Micrograph PVpure. —The structure of the metal from 
a 30-lb. casting is shown by the upper half -section of the micrograph 
figure. It exhibited only two of tne constituents since the original 
magnification of 66 diameters was too low to reveal the^ third imd 
fourth constituents— viz., the sulphides of manganese and of iron — which 
were present in minute quantities. 

The dark etching constituent is pearlite (21Fe -t- F^C). Its colour is 
due to the liberation during etching of an automatic stain composed of 
that dark, carbonaceous colouring matter upon which the well-known 
carbon colour test depends. The pale constituent is ferrite, or nwly 
pure iron, and has assumed that crystalline structure characteristic of 
the Widmannstatten figures. 


* In order that students may the more thoroughly grasp the importance 
of carrying out their investigations of metals in a complete manner, 
they should study “Naval Accidents,” by Thomas Andrews, F.R.S., in 
Engineering^ p. 737, December 2, 1904, et eeq, 

flam indebted to Prof. Arnold for kindly presenting me with the originid 
photo-micrographs of 66 diameters, from which my publishers reproduced 
the accompanying plate (Fig. 1) to half size, or 33 diameters, as well as 
drawings of the two test-piroes, and to Natwre of Novembw 1(^ 1904, 
pi 32, for the data by IVof. Arnold and Mr. A. M* W illi a m . 



AS CAST 




AFTER ANNEALING. 180 UNBROKEN. 

Fig. 1. Test Specimens of Cast Steel. 

Made by Professor J. 0. Arnold and A. M‘William at the 
University College, Sheffield, 1904. 

/'('/■ Prof, 'yinnit'son's “ 7'r\{~b(Uik <•// of Matrruils.' 

l.rcturr \\^ I'ol. H., A' forr p. l-'S. 
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Chemical AmUysie , — The mean analyses of drillings taken from a portion 
of the casting were as follows : — 


Carbon, . 

• • . . 0*39 per cent. 

Silicon, . 

. . . . 0-08 


Manganese, 

. . . . 003 


Sulphur, 

. . . . 003 


Phosphorus, . 

. . . . 0*02 


Aluminium. . 

. . . . 003 


Iron by difference, . 

. . . . 99*42 

If 

Total, 

. 10000 

If 


Tht Arvn^td Steel Getting Micrograph.— The lower half -section delineates 
the very different structure of the cast steel after careful annealing. The 
result shows a total re-arrangemeut of the pattern presented by the ferrite 
and pearlite, and a consequent elimination of the above-mentioned figures. 

Mechanical TesU of the Coat and Annealed Steels . — The very complete 
change in structure due to annealing was also accompanied by a great 
change in the mechanical properties of the steel. This change will be 
seen by comparing the results of bending tests made before and after 
annealing, upon two bars each 10 inches long by } inch diameter from 
the casting. The metal as cast snapped sharply after bending through 
an angle of 43® over a radius of g inch ; whereas, the annealed bar bent 
through an angle of 180® over the same radius without any signs of fracture. 
The following results were obtained from this steel casting 


Upper and 
Lower Ilalvea 
of Plate, 

Fig. 1. 

Specific 

Gravity. 

Elastic 
Limit. 
Tons per 
8q. In. 

Maximum 
Stress. 
Tons per 
Sq In. 

Elonga- 

tion 

on 2 Ins. 

Reduced 

Area. 

Compres- 
sion at 
100 Tons 
per Sq. In. 

Casting, 

7*966 

13*:i3 

24*62 

8*7. 

12-3 7. 

57-3 7. 

Annealed, . 

7*978 

12*21 

23*50 

1*'> •/, 

16-0 V. 

62-3 7. 


This particular steel casting was not intended for commercial purposes; 
but the results as stated are sufficient to show, that a thorough investiga- 
tion into the properties of metals for engineering structures should be 
accompanied by exact chemical analysis and by precise metallographio 
reproductions of the structures, before and after any special treatment, 
such as annealing or tempering in water or oil, Ac., and even before and 
after the mechanical tests. * 


* Students who are specially interested in the various phases of this 
subject should study the several renorts of “ The Alloys Research Com- 
mittee,” as started and maintained by The Institution of Mechanical 
Engineers, London, from 1891 to 1905. A synopsis of five reports will be 
found in the General Index to the Proceedings^ 1885 to 1900, of that 
Institution, as issued in November, 1904, under the heading ** Alloys 
Hesearoh. ** 

2 . 9 
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Dl&eFOnt Meohanieal Tests.* — Messrs. Seaton and Jude in their 
paper on ** Impact Tests” remark, that - “At present everybody makes 
tension tests and trusts more or less to them alone ” ! 

The tension test is no doubt a good and sufficient one when the pre- 
dominant stress is that of pure static tension or steady load as in boilers, 
buildings and tanks, Ac. ; or, where the structural work may be subject to 
recurrent loads of kind (mith intervals of rtst)^ in addition to the steady 
load due to its own weight as in the several members of bridges, Ac. But, in 
the case of structures subjected to rapidlv-repeated loads of one kind, all 
more or less suddenly applied, as with bolts, studs, rails, Ac. ; or, struc- 
tures subject^ to alternating loads, such as in the fixed and moving parts 
of machinery in general, and many parts of a ship, the simple tension test 
is not sufficient. 

But, the following tests can be made on most pieces of metal and on 
steel in particular : — 

1. Tension and elongation. 

2. Compression. 

3. Transverse bar tests. 

4 . Cross bending, or folding, or doubling cold or hot. 

5. Shearing, boring, drifting, punching ; hammering to a point or edge. 

6. Fatigue of metals by gradual reversal of stress either by bending in 

one plane or by oscillations, as adopted by Wohler and others. 

7. Fat^e of metals by reversals of the mean stress, as carried out by 

Frof. Osborne Reynolds and J. H. Smith, M.Sc. 

8. Impact on unnotched and on notched bars. Drop or falling tests. 

9. Torsion. 

10. Hardness, temper, and brittleness. 

The above-mentioned authors naturally ask the (j^uestion, “ Which of 
the tests in such a long list is really a true universal gauge of the 
suitability of (say) a piece of steel for any purpose it may be put to ? ” 
And, as a help to answer this question, they give the following interesting 
table of the different kinds of stresses in the steel parts of an up-to-date 
(reciprocating) steam engine of moderate size : — 


* See the paper read before The Institution of Mechanical Engineers, on 
November 18, 19(H, by A. E. Seaton of London and A. Jude of Birmingham— 
viz., “ Impact Tests on the Wrought Steels of Commerce,” and the discus* 
sion. Also, the reports and articles on the same in The Engineer and 
Engineering of November 25, 1904, et. seq. Students may also refer to 

Appendices D to M at the end of Mr. A. E. Seaton’s Manval of Marine 
Engineering y loth or later editions, as published by Charles Griffin A Co., 
for the Admiralty, Board of Tra<le, Lloyds, British Corporation, and Bureau 
Veritas Rules for Boiler Shells, Plates, Stays, Shafting, and their respec- 
tive tests. The British ^' Admiralty Rvlea for Testing Materials for 
Machinery,*' and French “ Methods of Testing Materiods of Construction** 
will be found at the end of this lecture. Books containing all the rales 
and regulations of each of these authorities may be obtained by direct 
application to their secretaries. These books are to be found in the 
lioraries of moat engineering institutions. 
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Different Kinds of Stresses to which the Steel Parts of a Rkcifbo- 
OATiNO Steam £noinb ark subjected and their Percentage Values. 


Constant tension 3 '91 per cent. 

Constant tension and compression (range from 0 to a max. ), 1 *30 , , 

Constant tension and shock, 48*80 ,, 

Alternating tension and compression with shock, . . 2*81 „ 

Repeated tension (from a constant to a max. ) with shock, 36 00 „ 

Miscellaneous and doubtful, 7'17 ,, 


ToUl, . 100*00 „ 

“It will therefore be seen, that 87 ’6 per cent, of the whole of the 
engine’s stresses are more or less due to shock, whilst pure tension stresses 
form an insignificant percentage of the total stress. ” They argue that, if 
various other machines be examined, it will be found that 9 out of 10 are 
working under similar conditions. 

Necessity fop a Careful Prior Investigation of the Kind of 
Stresses to which Structures may be Subjected.— The above short 
quotations and abstracts are chiefiy made here, to draw the student’s 
attention to this important paper, and to the fact, that it is the duty 
of the engineer to consider most carefully whilst he is designing any fixed 
engineering structure or moving machine, what are the various and the 
chief kinds of stresses to which the structure or machine will be subjected 
during their existence. Further, to determine and specify clearly how 
each specimen test- piece for each important member should be tested, so 
that he may ascertain to the best advantage its suitability for its future 
duties. 

Investigations of Accidents or Breakages of Materials.— 

When making investigations of accidents or causes which have led to 
the breakage of materials, the engineer should get or produce — 

1. A complete set of scale and sited drawings of the parts in question. 

2. Photographs of these parts taken from different points of view, and, 
if possible, before any alterations have been made. 

3. As logical a statement as can be gathered of the conditions under 
which the breakage or accident occurred. 

4. Accurate chemical analysis of the parts near the fracture. 

o. Large photo- micrographs of these parts to show the structure of the 
materials. 

6. (I)arefully machined test-pieces (at least in two right-angled directions) 
taken from different places near the fracture and elsewhere. 

7. Such tests of these machined pieces as will most likely prove their 
qualities of resisting maximum stresses under fair conditions. 

8. He should then draw up a concise, clear, illustrated description of 
the whole of the circumstances and investigation. 

The Order of this Subject.— In this and the follovring lectures, the 
order of all the previously mentioned tests will be adhered to as far as 
possible, beginning with a testing machine for the elongation and breaking 
stress of wires, and then proceeding to larger machines for making tension, 
compression and transverse bending tests, Ac. Admiralty rules for and 
French methods of testing, and stress-strain diagram recording ajmaratus 
will be illustrated and described w'ith results, as well as how Young’s 
modulus of elasticity is obtained for different caseS) fiiiaUy, the 
strength of struts and oolumns w'Hl l)e considered. 






LlNB DIAORAHS OF LIBADINO TTPB8 OF TESTING MAOHINBS. 


Prof. Barr’s Wire-Testing Machine.* — Fig. 2 illustrates clearly 
the general arrangement and method of performing the test, viz. :--By 
admitting sand from the sand-box through a filler to the box attached to 
the end of the test-piece. The weight of sand allowed to pass is registered 
by the pointer on the graduated vertical scale. 

If test-pieces of annealed wires differed from an ordinary specimen, it 
would only be in their having greater homogeneity. Therefore wire 
testing has this great advantage, that a large number of practically 
identical specimens can be obtained and tested. Hence, in testing two 
wires out from one coil with the small machine shown by Fig. 2, if 
the two diagrams are made upon one paper with a fine pen under like 
conditions, it will be found, that the lines agree so closely for a consider- 
able part of their length as to be undistinguishable from each other. 

Line Diagrams of Three Leading Types of Testing Machines.^ 
— In the previous article on the history of testing machines it should have 
been mentioned, that for small machines up to 5, 10, or even 15 tons stress 
it is usual to employ screw and gearing instead of the hydraulic ram. 
This can be done without any loss of accuracy, and for ordinary laboratory 
work such sizes and method of applying the load are fully as convenient. 

The following three diagrams are simply intended to illustrate the 
principle of each machine to the student and not details or proportions : — 



Fio. 3 . — Line Diagram or a Wbrdbb Testing Machine. 
As used by Bauschinger at Munich in 1871. 


fVerder Mdchine. — Here the test-piece a is held at one end by a grip on 
the frame of the machine e, and the other end is pulled by a connecting- 
rod from the short arm Ci of a knee-lever, whilst a scale pan d hangs from 
the outer end of the long arm c, of the lever. The central fulcrum of the 
lever rests upon the end of the ram b, so that the whole of the measuring 
apparatus moves along coincident with the motion of the ram head and 
the extension of the test-piece. The arm Cg is kept horizontal by aid of a 
spirit level. 

University College, Lomdon, Testing Machine. — ^This type of machine 
was desired and made by Greenwood & Batley in 1878 to meet Prof. 
Rennedy^s requirements in his laboratory at University College, London. 
In principle it is tlie same as the much larger horizontal machine pre- 
viously referred to as designed by Mr. lurkaldy. It consists of a 


* This wire-testing machine is used in the Watt Engineering Laboratory 
at Glasgow University. For a figure and description of L^rd Kelvin’s 
hydrostatic wire-testing machine, see the author’s Manual of Applied 
Mechanics. 

tFigs, 3, 4, 6, 8, 9, and 10 are from Prof. Kennedy’s paper on ** Engineering 
Laboratories,” by his kind permission, and by the favour of the Institution 
of Civil Engineers. Seu Proc, Inst. C.Ju,, vm. IxxxviiL 
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hydraulic ram 6, connected directly to one end of the test-piece a, whose 
other end is attached to the knee-fever /j (5 to 1 ) and then by a link to 
a steelyard lever c, C] (20 to 1). The total leverage is therefore 100 to 1. 


Fio. 4 . — Line Diagram of the Testing Machine at the 
Univbrsitt Oollboe, London. 

As made by Greenwood & Batley, Leeds, in 1878. 



The load is applied by the ram h and measured by the position of the 
poise-weight m on the steelyard. The carriage and its hanger weigh 
60 lbs. by themselves, but the poise- weight m is variable by the addition 
or subtraction of 50 lbs. at a time up to 1,000 lbs. 

WickdeecPs Machine . — This vertical machine has a single straight levw 
e,, C| (60 to 1) placed horizontally on the top of the column e of the 
machine. A movable poise-weight m measures the load applied by the 



Fio. 6. — Line Diagram or a Wioksteed Vertical Single-Lever 
Testing Machine. As made by Buckton A Co. , Leeds, 1882. 


ram 6 to the test-piece a. Thus, when a certain poise- weight is run out to 
its stop at the end of the lever Cj, it balances 50 times the stress put upon 
the test-piece a by the ram b. The poise- weight m runs on a four-wheel 
carriage, which is moved along the steelyard lever by a central screw, that 
is generally turned by belt power in the larger ana by hand and a lev^er 
in the smaller machines. The pull on the test-piece is read by aid of a 
vernier attached to the poise- weight, whilst the scale proper is 6xed to the 
steelyard. This type ot machine is generally speaking simpler and better 
appreciated than the two former types. 
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Thirty-Ton Single -Lever Vertical Testing Machine, with 
Autographic Recorder.— to he attained mth the Machine,— The 
maohine ijlustrated by Fig. 6 is for testing the strength of different 
materials in tension, Sending, and compression. It is made by Green* 
wood k Batley, Ltd., Leeds, to test up to 30 tons, and to tdmit test-pieces 
3 feet in len^h for tension, 24 inches long for compression, alM OMms 
14 inches deep by 7 inches wide for bending. The supports are made 
adjustable from 6 inches to 6 feet apart (see Fig. 6 for the line diagram). 



Fio. 6 . — Thibtt-Ton Sinole-Lkyeb Vertical Testing Machine. 


By Greenwood k Batley, Ltd., Leeds. 

Description oj the Maohtne . — It consists of a heavy, vertical cast-iron 
support, upon which is mounted the weigh beam, with its travelling 
weight of 1 ton. This travelling weight is moved along the beam by 
means of a quick threaded screw, which may be rotated either by hand 
or by hydraulic power. The beam carries a graduated scale to read 
direct in tons and fractions of a ton. The wei^ beam and die holders 
rest on hardened steel knife edges. The lower £e holder is attached to 
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an adjustable crosshead connected to the hydraulio ram crosshead by two 
steel screws, and is balanced by a weight and spring beam, shown at the 
bottom of the left-hand side of the vertical sup^rt. This cvlindrioal 
balance weight serves to minimise the shock when the test-piece breaks. 

The testing machine is provided with diflTerent forms of clips for holding 
the various lengths of test-pieces, as well as an autographic recorder, 
ihown on the side of the vertical column, for plotting mechanioally a 
ftress-strain diagram of the test-piece. 

Fifty-Ton Single-Lever Vertical Testing Machine* (See Frontia- 
pla ^), — convenient form of testing machine for use in laboratories is 
illustrated by the frontisplate of this edition. Here, a single self-balanced 
lever, with a single heavy travelling poise -weight, is the means for 
measuring the load applied, to the specimen by a direct screw or by the 
hydraulio ram. This testing machine consists of a strong upright column 
to which the cylinder of the hydraulic ram is attached near the foot. A 
long lever or weigh-beam rests by a knife-edge on the top of the column 
and carries a travelling poise-weight. This travelling weight weighs 
1 ton and carries a vernier, by means of which its position is read against 
a divided scale on the beam. The test-piece is placed vertically, with its 
lower end secured in a crosshead, which is pulled downward by the 
hydraulic ram underneath it. The upper end of the test-piece is secured 
by a shackle, which hangs from an inverted knife-edge on the beam. The 
beam oscillates about its knife-edge, which is placed at a short distance 
to the left of the first one, and is supported by a fulcrum plate on the top 
of the upright column. The travelling poise-weight is moved by means 
of a screw concealed within the beam. This screw receives its motion 
through spur-wheels from a parallel shaft provided with a Hooke’s joint 
in the axis of oscillation of the beam. This shaft is turned either by a 
hand-wheel or by a power-driven counter-shaft. 

The cylindrical counterpoise, which is seen projecting behind the central 
column and near the floor level, serves to force up the ram when the 
hydraulic pressure is relieved. The pressure in the hydraulic cylinder 
may be applied either by means of a belt-driven, hydraulic, screw com- 
pressor, or by an accumulator, or, better still, by a hydraulic intensifier. 
In the latter case, the work is done by admitting water from a low- 
pressure supply main behind a large piston, which forces forward a small 
hydraulio plunger and produces an intense pressure in the fluid upon which 
the small plunger acts, from which it is in turn transmitted by a pipe to 
the straining ram of the testing machine. This arrangement has the 
advantage of allowing the load to be applied to the test-piece without 
■hock, and at as quick or as slow a rate as may be desired. The regulation 
of the rate of application of the load is obtained by means of a throttle 
valve, through which water from the low-pressure supply main has to pass 
on its way to the largo <^linder of the intensifier. 

Arrangements for Different Testa , — This testing machine is arranged for 
compressive tests by admiting a test-piece 24 inches long ; for deflection 
tests, with a maximum length of 60 inches ; shearing, l|[ inch diameter ; 
torsion, for a load of 50,000 ibs. at 1 inch-moment, with a maximum length 
lor observation of 10 inches, as well as for tension tests. 

For compression tests, the upper shackle is connected to a platform by 
means of four columns in the shape of a cross-beam. 


* See Proc, Inst, Mech, Engs,,^ 1882, for paper on “A Single-Lever 
Testing Machine,” by J. Hartley Wicksteed, of Leeds. 
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This orosS'beAin hangs below the oross-head, which is pulled down by 
the hydraulio ram. It will be seen, that the arrangement is two stirrups 
linked with one another, but having one of them inverted, so that, when 
the two are acted upon, they pull against each other and cause a block of 
material, or test- piece placed between them, to be compressed. 

For tests in bending, the stirrup or beam which hangs by columns from 
the upper shackle is made between 4 and 5 feet long, and carries supports 
at its ends for the ends of the test-piece, while the cross-head presses down 
on the middle of the piece (see figure). In both instances, the force which 
is exerted is measured by moans of the weigh-beam and travelling poise- 
weight, in the same way as shown for the tension tests. 

For torsion tests, the worm and worm-wheel shown in the figure at the 
top of the upright serve to twist the test-piece, one end of which is secured 
in the axle of the worm-wheel, while the other end is secured in a socket 
which projects from the side of the weigh-beam. The axis of the test-piece 
under torsion is in the same line as th^ knif<^-edge about which the beam 
is free to oscillate. 

Knift-tdges in Testing Afachines, — Eacn of tne knife-edges in the weigh- 
beam of Buckton & Coy. *8 testing machines is the edge of a square cut-bar 
of steel, and they are made long enough to prevent the load on them from 
exceeding 5 tons to the linear inch. 

Buekton & Co.’s 300-Ton Universal Testing . Machine for 
Full-sized Structural Members.* — ^This machine is composed of three 
principal parts: — (1) The apparatus which applies the load to the test- 
piece, (2) the apparatus which measures the load, and (3) the frame or bed. 

There are two great advantages in the arrangement of this testing 
machine : — First, the bed is movable, instead of being fixed as in ordinary 
machines ; and, second, the weighing levers are placed at the same end as 
the stressing cylinder, and can oe worked by one man. These levers are 
mounted upon this stationary cylinder, instead of being carried on the 
moving ram, as in the Werder machine. It is. this combination, that gives 
the machine the facility which it possesses for testing such a great variety 
of sizes, and for subjecting full-sized members to compression or tension 
without the necessity of re-arranging the machine. 

Stressing Apparatus, — This consists of a cast-steel hydraulic cylinder, 
with a ram 26 inches in diameter, and a 7*foot stroke. It is actuated by a 
water supply of 1,700 lbs. per square inch from an accumulator system. 
The ram passes through a U leather gland, coated with a sheath of 
electrically-deposited copper, to avoid the rusting to which steel rams are 
liable. The main ram pushes the movable bed of the machine, which 
slides on rollers. These rollers travel on planed and side- flanged cast-iron 
bed -plates which are bolted to the concrete foundations. The side flanges 
of the fixed bed-plates, guide and maintain the truly axial motion of the 
sliding bed. 

General Description of the Working of the Testing Machine (see Fig. 7). — 
When the hydraulic ram H R advances from its hydraulio cylinder H C, 
the sliding bed S B carries with it the moving crosshead Oj. which is 
locked to it by means of four square locking bolts contained and guided 


*This Universal Testing Machine was illustrated and described by Mr. 
J. H. Wicksteed, M.Inst.C.E., President of The Institution of Mechanical 
Engineers, before Section G of the 1904 Cambridge Meeting of the British 
Association, and printed in The Engineer of September 2nd. 1904, p. 236. 
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in the of its crosshead. Parallel to the moving bed is a system of 
tie-rods 1' R, coupled ntjar the cylinder H (J oy a cast-sieel crosshead 
and at the other end of the machine by the crosshead Cg. These tie-rods 
'r R are connected, as shown, to two weighing levers L|, L, by the cross- 
head C 4 . 


PW 



Fig. 7. — Diagrammatic Link Drawing of Buckton 9t Co.’s 300 -Ton 
Universal Testing Machine for Full-sized Structural Members. 


( This sketch shows a test-piece T P^ in tension^ ar^ in dotted lines 
a test-piece T Pg tn compression^ txlso a bending test at G. ) 

Equipment of the Machine for Different Kinds of Tests/-- 
Tension Test , — The test-piece TPj is held between the moving crosshead 
J] and the fixed or weighing crosshead O 3 . Elach crosshead is made with 
a spherical seat, in which a spherical block is free to adjust itself, and 
contains the clips actually holding the specimens to be tested. For round 
or flat bars, serrated wedge clips, fitted in two semi-cylindrical backings, 
are inserted in the spherical block. By this means, even bars of unequal 
thickness, such 6 ks an angle-iron-flange, can be held. For testing specimens 
with solid heads, holders are inserted into the spherical blocks, which 
carry suitable dies made in halves. Tests on chains are made by means of 
four links. Keys pass through slot-holes in these links and hold the 
chains. Flat ropes are tested by means of two large drums, and are 
gripped at their extremity by clips. These same drums also lend them- 
selves, by a slight modification, to testing round ropes. 

Compression Test, — A compression test is effected by using the opposite 
sides of the crossheads and Cg to those which serve for tension 
tests. In Fig. 7, a compression test upon a short test-piece TPg is 
shown between the crosshead Cg and the end of the sliding bed S B, by 
means of compression plates 2 feet or 1 foot square respectively. To 
avoid any deviation of the crosshead Cg from an axial line (which the 


* This machine will test a strut 88 feet long by 3 feet 3 inches by 3 feet 
3 inches ; or a chain 78 feet long, 4^ inches diameter, of iron ; or a beam 
3 feet 3 inches broad, 6 feet 8 in^es deep, by 20 feet between the supports. 
It will also test in single shear a bar 8 inches wide by 2 ^ inches thick. 
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crushing of a heterogeneous specimen might induce), this crosshead is 
guided m either direction by rollers mounted upon wedges, and the whole 
contained in strong vertical brackets well tied together. Compression 
tests on long specimens are made between the crosshead and the deflec- 
tion girder G, or the crosshead Cg, for the deflection beam G rests upon 
rollers and can be removed without difficulty. 

Deflection Teat , — For small specimens, this test can be carried out 
between the fixed orosshead C, and the end crosshead C 3 of the sliding 
bed ; to which are attached two small adjustable supports, as indicated by 
arrowheads. 

Shearing and Punching Testa , — ^The punch and dies are inserted between 
the crosshead and the end of the sliding bed at 0^. For shearing, there 
is attached to the crosshead Cq a box in which the test-piece to be sheared 
is inserted. The shear blade is guided by a roller inside the box, and by 
this means a simple shear is obtained exactly as in an ordinary shearing 
machine. 

Autographic Diagrama . — Bv attaching recorder wires to the crossheads, 
lutographic records can be taken of all the above tests. 
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A Convenient Method of Obtaining and Regul^g the 
Pr6SsuF6 ftnd Flow of Water to the Ram of a Testing Machine. 
—The method adopted by Prof. Kennedy in working the testing machine 
at University College, London, is shown by Fig. 8. 

Here a is the delivery pipe to the testing machine ; b an ordinary force 
pump, with its lever c ; a an accumulator loaded to about 1 J tons per 
square inch. The pump is worked by a Davey motor e, on the shaft of 
v^ich an eccentric 7" drives the free end of a double bar link The i^er 
end of this link swings on a lever A, which can be thrown in or out by a 
hand lever k. The stroke of the block driving the pump lever may ^ 
made to vary from zero to the full stroke of the eccentric, according to the 
position of the link. In this way, the stroke of the pump can be modm^, 
or its action entirely stopped by the hand lever, without stopping the 



ViG. 8 . — Prof. Kennkdt’s Method of Working the Testing Maohinb. 


engine. A relief valve m is fitted in the pump itself. And, n is the 
delivery pipe from the pump, with two regulating valves p and q. The 
valves allow the pump to pump either (1), to the accumulator, or (2), to the 
ram direct, or (3), the pump and accumulator to work simultaneously on the 
ram, or (4), the accumulator alone to work on the ram. For the taking of 
stress-strain diagrams and other delicate test- work, it is found, that it is 
better to use the accumulator alone, its speed being regulated by throttling 
the water passing through both the valves p and g. For ordinary work, 

•In the new James Watt Laboratory at Glasgow University, an accumu- 
lator with removable weights is used in connection with the large Buckton 
A Co.’s horizontal testing machine. The force pump is driven by belting 
from shafting, and is automatically set to work or stopped the accumu- 
lator in a sinitlar wny to that in the figure Jn Lecture II., Vol. IV., 

Hydraulics.” 
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when a large number of specimens are to be tested and speed is an object, 
then the pump and the accumulator are employed simultaneously. The 
accumulator is pumped up the distance it has fallen during the replacement 
of the broken test-piece. The accumulator load is divided into four parts, 
any or all of which can be used simultaneously, or shelved, according to 
the required load. 

The maximum of steadiness, as well as of convenience in working, 
will be found in some such system as that shown by Fig. 8, although 
it may not be necessary to use an accumulator for ordinary works* 
testing. 

Proportions of Test-Bars and their Attachment to Tensile 

Tests. — The British Engineering Standard Committee have specified the 
following rules as to gauge length : — 

(a) Flat Bars. — Gauge length = 8" ; parallel for 9% 

If the thickness is greater than § inch, 

Maximum width = IJ inches. 

If the thickness is between | and } inch, 

Maximum width = 2 inches. 

If the thickness is less than g inch, 

Maximum width = 2J inches. 

(b) Turned Sections (diameter d).-— 

Gauge length = 8 d ; parallel for 9 d. 

(c) Turned Specimens from Forgings. - 

Area, i inch ; gauge length = 2 inches. 

It i i> ft =3 ,, 

II f f# ft ~ ,, 



Fig. 9. — Holder for Securing and Adjusting the Test-Piece 
IN THE Machine. 


The method of holding a test-piece so fair, that the pull will be 
symmetrically distributed about the axis of the test-piece, and also that 
fracture may not occur at or near the grips due to any inequality in the 
stress, always presents some difficulty, more especially when the material 
is of the rigid non-plastic type. The test-piece is sometimes made with 
enlarged ends on which screw-threads are lathe-out. Each end of the 
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tfist-pieoe is then screwed into a nut. The seat of the nut is so shaped 
as to form part of a sphere, thus forming a ball-and-socket joint at each 
end of the test-piece. Or, the enlarged ends terminate in shoulders inside 
of which two half rings are placed to form a collar, and the half rings 
are spherical-curved where they form the bearing with the shackle. 

When testing plastic materials, such as the various kinds of wrought 
iron and mild steel, very little difficulty is experienced in obtaining 
a fair test of their ultimate strength, even with the very simplest 
appliances for holding the test-piece, because the plastic yielding which 
precedes the rupture of the material wipes out any inequality there 
may be in the distribution of the stress to begin with. Therefore, the 
trouble of screwing the ends of the test-piece or of forming shoulders may 
be dispensed with, and a much simpler method of attachment by wedge 
grips may be adopted. In this arrangement each end of the test-piece 
lies between two wedges of hard steel. The faces of these wedges 
where they press on the test-piece are rough, while the backs are mme 
smooth and greased in order to make them slip easily along the tapered 
recess in the shackle. When the pull comes on the oar, the wedges are 
drawn along with it and press against the test-piece with sufficient 
force to cause the rough faces of the wedge to bite into the plastic 
surface of the test-piece and thus hold it securely. When testing 
flat plate strips the ends of the test-piece are out a little wider than the 
main body of the piece, thereby giving an enlarged surface for the wedge 
to act on. No enlargement of the en(& is required with round or square 
test-pieces, because the wedges, instead of being made plain, have a groove 
with roughened sides, so that each end of the test-piece is gripped at four 
places around its circumference. The tapered hole in which the wedges 
are placed is made from two half rings which are separately free to turn 
round in the shackle, thus permitting of its adoption to cases where the 
opposite sides of the strip are not perfectly parallel. 



Fig. 10.— Pkov. Kennedy’s Small Testing Machine fob 
Tkansvekse Tests. 


8. TranSVeFSe Tests. — Transverse and torsional tests usually require so 
much smaller loads than those used for tension and compression, that it 
is probably better to carry out the two former kinds of tests upon separate 
machines. Som^ arrangement for transverse tests is frequently fltted to 
large tensile testing machines, but Fig. 10 shows a simple, small, separate 
machine designed by Prof. Kennedy for laboratory transverse tests up to 
central loads of 4 tons and spans of 5 feet. It will be seen from the figure, 
that the load is applied by screw gecunng to the centre of the span, and 
that its value is measured % a steelyard and poise- weight at one end. 




11. — Transverse Bab Testino Macuine. Made by Glenfield A, Kennedy, Limited, Kilmarnock. 
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Transverse Bar Testing Machine. — Engineers and arohitects 
usually specify that cast-iron beams, pipes, columns, ac. , shall be made of 
a certain brand of iron, and that standard specimens cast from the same 
ladle shall withstand certain deflections and bending stresses. It is, 
therefore, of great importance that cast-iron founders should possess a 
simple and reliable machine whereby such tests may be quickly and 
accurately made. 

The aooompan 3 dng illustration shows one form of such a machine for 
testing the ordinary standard sizes of specimens of cast-iron bars — viz., 
2 inches x I inch, or 1 inch square, with centres 3 or 4 feet apart. After 
introducing the test-bar to the position shown by its supports on the sole 
plate of the machine, the hand-wheel is turned until the stress just makes 
the test-bar taut on the upper knife-edges of the supports. Then, the 
** deflection index” is set at zero. Turning the hand- wheel still further 
causes the right-hand end of the weigh-beam lever to rise. This action 
releases the small catch, fixed to the end of the lever, from the ratchet 
wheel, which allows a weight in the cataract cylinder placed in the right- 
hand end pillar to pull the travelling weight towards the right hand along 
the top of the graduated lever. Should the travelling weight and its 
index pointer arrive at the end of the lever before the specimen is broken, 
the travelling weight is brought back to zero and an additional weight is 
then added to the nannng rod, and the above process is repeated. When 
the bar breaks, an index, not shown on the figure, is connected to the 
machine when in use, which shows the maximum deflection of the test- 
piece to the third decimal place of an inch, whilst the stress in lbs. 
required to break the specimen is shown by the position of the index on 
the movable weight opposite the scale figure on the weigh-beam bai^ 
together with the weights on the vertical rod. 

i. Cross Bending, Folding, or Doubling Tests— Cold, Hot, or 
after Annealing. — The mechanical tests of the oast and of the annealed 
steels, illustrated above and below the photo-micrograph plate of Fig. 1 in 
this lecture, consisted of simple cross bending over a radius § inch in the 
case of the test-piece from the fresh casting, and of doubling after careful 
annealing over a rod | inch in diameter. 




Fio. 12. — Gross Bending. Folding. Doubling. 

Fig. 12 shows these three different tests. They may be carried out cold 
as the test-piece comes from the foundry or the forge ; or, after any 
amount of specified annealing, according to circumstances. 

In the foUowii^ set of rules by the British Admiralty, and in the sug- 
gestions by the French Commission on Testing, we see such tests are 
applied. Sometimes, they produce a very severe stress in the material, 
and, if properly carried out and fulfilled, they are most certainly a surety 
that the metal possesses ductility, pliability, and tenacity. 
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Admiralty Rules for Testing Materials for Machlnei^.<- 

1. SittL (Jastinga for Machinery . — :)teel castings for the machinery steel 
are to satisfy the following conditions : — Tensile strength, not less 
than 28 tons per square inch, with an extension of 2 inches of length ” 
of at least 23 pe< cent. J3ars of the same metal, 1 inch square, 
should be capable of bending cold, without fracture, over a radius 
not greater than If inches, through an angle depending on the 
ultimate tensile strength, this angle to be not less than 90* at 
28 tons ultimate strength, and not less than 60* at 35 tons ultimate 
strength, and in proportion for strengths between these limits. 

For intricate thin castings the extension in 2 inches of length is 
to be at least 10 per cent., and the bending angle is to be not less 
than 20* at 28 tons ultimate strength, and 15* at 35 tons ultimate 
strength, and in proportion for strengths between these limits. 

Test- pieces are to oe taken from each casting. All steel castings 
are also to satisfactorily stand a falling test, the articles being 
dropped from a height of 12 feet (or as may be approved) on a hard 
macadamised road or a floor of equivalent hardness. 

It is to be distinctly understood that conti actions or defects in 
steel castings are not to be made good by patching, burning, or by 
electric welding, without the sanction of the Admiralty overseers. 

2. Sted Forgings Machinery. — All steel forgings are to satisfy steci 

the following conditions : — Ultimate tensile strength^ not less than 

28 tons per square inch, with an extension in 2 incheli of length of 
at least 30 per cent. Bars of the same metal, I inch square, should 
be capable of being bent cold, without fracture, through an angle 
of 180* over a radius not greater than 4 inch. Test-pieces are to ne 
taken from each forging. Crank and pro{)eller shafts are to have 
test-pieces taken from each end, and the ultimate tensile strength 
of the material of these shafts must not exceed 32 tons per square 
inch. 

For all important forgings, such as crank and propeller shafts, 
connecting- and piston-rods, the forgings are to be gradually and 
uniformly forged from solid ingots, from which at least .30 per cent, 
of the top end of the ingot has been removed before forging, and 
at least 3 per cent, of the total weight of the ingot from the bottom 
end after forging. The sectional area of the body of the finished 
forging is to be not more than J the original sectional area of the 
ingot. 

3. Cast Iron. — Test-pieces to be taken from such castings as may Can 
be considered necessary by the inspecting officer. The minimum 
tensile strength to be 9 tons per square inch, taken on a length of 
not less than 2 inches. The transverse breaking load for a bar 

1 inch square, loaded at the middle between supports 1 foot apart, 
is not to be less than 2,000 lbs. 

4. Oun-metal., Naval. Brouts^ and White MetcU . — The gun -metal Compo- 
used for all castings throughout the whole of the work supplied by 

the contractors is, unless otherwise specified, to contain not less and leau 
than 8 ner cent, of tin, and not more than 5 per cent, of zinc, the 
remainaer to be of approved quality copper. The exact proportion and 
of tin above 8 per cent, being arrang^ as may be re<mired, de- 
pending on the use for which the gun-metal is intended The Ae. 
ultimate tensile strength of gun-metal is to be not less than 14 tons 
per square inch, with an extension in 2 inches of length of at least 
per cent. The composition of any naval brass us^ is to be 

2 10 
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CopMr, 62 per cent. ; zinc, 37 per cent. ; and tin, 1 per cent. All 
naval brass oars are to be cleaned and straightened. They are to 
be capable of (1) being hammered hot to a line point, (2) being bent 
cold through an angle of 75** over a radius equal to the diameter 
or thickness of the bars. The ultimate tensile strength of naval 
brass bars { inch diameter and under is not to be less than 26 tons 
per square inch, and for round bars above j inch diameter, and 
square bars not less than 22 tons per square inch, whether turned 
down in the middle or not. The extension in 2 or 4 inches of 


length is to be at least 10 per cent. Breaks within less than i inch 
of the grip are not to count. Cuttings from the propellers and 
other in^ortant gun-metal castings and naval brass work will be 
sent to Portsmouth dockyard for analysis. The white metal used 
for bearing surfaces is to contain at least 85 per cent, of tin, not 
less than 8 per cent, of antimony, and about 5 per cent, of copper ; 
zinc or lead should not be used. The brasses are to be carefully 
tinned before filling with white metal. 

Oasting* The gan*metal castings are to be perfectly sound, clean, and 
blowholes. The steel castings are required to be clean, 
sound, and to be out of twist, and as free as possible from blow- 
holes ; the steel forgings are required to be quite sound, clean, and 
free from all flaws. All castings and forgings must admit of being 
machined, planed, and bored to the required dimensions; and no 
piecing, patching, bushing, stopping, or lining, will be permitted, 
nor will any manufactures in which these conditions have been 
infringed be accepted. In oases of doubt as to the suitability of 
castings or other materials, for the purpose intended, early refer- 
ence should be made to the inspecting officer to avoid subsequent 
delay by the rejection of such parts after delivery. The whme of 
the steel plates, angles, and rivets used in the construction of any 
part of the work supplied is to be manufactured by the Siemens- 
Martin process. All castings are to be of steel or gun-meial, 
except where otherwise specified ; and all forgings, plates, bolts, 
Ac., are to be of steel. No steel is to be toughened without 
sanction from the Admiralty. 

Copper. 5. Copper for Pipes . — Strips cut from the steam and other pipes, 
either longitudinally or transversely, are to have an ultimate tensile 
strength of not less than 13 tons per square inch when annealed 
in water, with an elongation in length of 2 inches or 4 inches 
of not less than 35 and 30 per cent, respectively. Such strips are 
Bsmnier also to stand bending through 180" cold until the two sides meet, 
and of hammering to a fine edge without cracking. 

6. Treatment of Mild Steel . — All plates and furnaces for boilers 
Scale to eiid steam pipes are to be treated as follows, with a view of remov- 
be iQg the black oxide or scale formed during manufacture : — The plates 

and furnaces, previous to their being taken in hand for working, are 
to stand for not less than 8 hours in a liquid consisting of 19 parts 
of water and 1 of hydrochloric acid. The plates should be placed in 
the bath on edge, and not laid flat. When the plates and furnaces 
are removed from the dilute acid both the surfaces are to be well 
brushed and washed to remove any scale which may still adhere to 
them. They should then be placed in another similar bath filled 
and kept well supplied with fresh water, or be thoroughly washed 
with a hose, as may be found necessary. The plates on removal 
from the fresh water should be placed on edge to dry. This treat- 
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ment is to be carried out on the premises where the boilers and 
pipes are made. 

All plates or bars which can be bent cold are to be so treated ; ooid 
and if the whole length cannot be bent cold, heating is to be had ^odinf. 
recourse to over as little length as possible. 

The front and end plates of the l^ilers, and also all other plates, Uy- 
including those for the combustion chambers are to be flanged by 
hydraulic preemire^ and in as few heats as possible. 

In cases where plates or bars have to be heated, the greatest care Danger- 
should be taken to prevent any work being done upon the material ^Sraturl 
after it has fallen to the dangerous limit of temperature known as a m be 
“blue heat” — say from 600• ** to 400® Fahrenheit. Should this limit 
be reached during working, the plates or bars should be reheated. 

Plates or bars which have been worked while hot are to be subse- 
quently annealed simultaneously over the whole of each plate or bar. 

In cases where any bar or plate shows signs of failure or fracture F&llura 
in working it is to be rejected. Any doubtful cases are to be 
referred to the Admiralty. 

French Methods of Testing Materials of Construction. 

Vol. I., in addition to the constitution of the commission, contains the 
reports of the two sections. That of Section A is divided into four parts 
as follows : — 

Part I. Physical tests : — (a) Microscopic and other examination of the 
exterior appearance and fractures, and teats by resonance ; (6) determina- 
tion of density and thermal and electrical conductivity ; (c) determination 
of the critical temperature and variations of conductivity with temper- 
ature ; (d) study of temper. 

Part 11. Chemical tests : — (a) Analysis ; (h) corrosion and means of 
protection. 

Part III. Mechanical tests : — (a) General remarks ; (6) on samples ; 
(c) 'the influence of heat ; (d) the influence of duration of test ; (e) testing 
machines; (/) dimensions; (g) mechanical terminology; and (h) t^hnicid 
terminology. 

Part I V . Methods of mechanical testing : — (a) Gradually applied testa, 
tensile, compressive, bending, folding and doubling, torsional, shearing, 
and punching ; (h) tests by Wows, bending, indentation, and perforation ; 
(c) study of hardness and brittleness ; (d) hot and cold working, ham- 
mering, Ac. ; (e) special tests of wires, ropes, chains, rivets, pipes and 
tubes, and hydraulic pressure tests. 

The report of Section B, which deals only with cements, limes, and 
kindred materials, is divided into the following parts : — 

Part I. General considerations, choice of tests, normal tests, Ac. 

Part II. Tests of cement, fineness, specific weight, apparent density, 
analysis, homogeneity, making of sample briquettes and mortars, setting, 
tensile, compressive, and bending tests ; stability, efficiency, porosity, 
permeability, solubility in sea water, and adhesiveness. 

Part III. Tests of hydraulic and fat limes. 

Part IV. Tests of puzzolanas, &c. Part V. Sand for use in mortar. 

Part VT. Plasters. Part Vll. General conclusions. 


• The original report of the proceedings of the French Commission on 

“Methods of Testing Materials of Construction” will be found in th# 
library of the Inat.C,E,^ dated Paris. 1894. 
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Lecture V.— Questions. 

1. State a few of the chief cases in the history of testing machines. 

2. What are the advantages to be derived by young engineers from a 
laboratory course on testing the strength and elasticity of materials, and 
why? 

3 . Why is it advisable to obtain not only accurate mechanical tests, but 
also chemical analysis and photo- micrographs of specimens of the materials 
to be used before designing an engineering structure and during their 
manufacture ? 

4. State the different mechanical tests which you could apply to, say, 
steel bars or plates. Explain by aid of an example why impact tests 
are important. 

5. Suppose that you were called upon to investigate the 'case of a broken 
oonnecting-rod from a high-speed reciprocating engine, state the different 
things and information you would require before drawing up your report. 

6. Sketcli and describe Prof. Barr’s wire-testing machine, state how you 
would use it and what information you would get from your results. 

7. Give free-hand line diagram sketches of three leading types of testing 
machines. 

8. Sketch and describe a good 30- or 50-ton single-lever vertical testing 
machine. State how it works and how you would obtain reliable results 
from it. 

9. Give a line diagram of a 300-ton universal testing machine, and state 
how it works for tension, compression^ and bending stresses. 

10. Sketch and explain any convenient method of obtaining and regulat- 
ing the pressure and flow of water to the ram of a testing machine. 

11. In making tensile tests of bars and plates what proportions would 
you adopt, and why? Sketch and describe a suitable holder for round 
test-pieces. When testing round or square bars of wrought iron or mild 
steel how would you shape and grip them ? 

12. What is the simplest form of machine that you know for carrying 
out simple cross-bending or transverse tests ? 

13. Sketch and describe the construction and action of an accurate 
transverse bar testing machine for measuring the deflections and bending 
stresses obtained with standard sized specimens of cast iron. 

14. Explain, by aid of sketches, how you would carry out cross bending, 
folding, and doubling tests upon a steel bar or copper plate. Give 
instances where one or more of these tests are required by the Admiralty 
or the French Government, and mention the circumstances attending a 
proper fulfilment of the test. 
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Lecture V.— A.M.Inst.C.E. Exam. Qitrstions. 

1. Describe the method of conducting a tension test of a bar of mild 
steel. State what precautions should be taken in preparing the test bar 
and what measurements should be made. 

2. Describe and sketch one form of testing machine. State any special 
conditions you would require in such a machine for testing to 50 tons 
load. State how or to what extent its accuracy can be ascertained by 
trial. 

3. Describe the methods of holding tension specimens, and mention any 
special advantages or defects of any of these. 

4. Give a specification of tests of mild steel bars and plates for bridge- 
work. 

5. Having ascertained that a certain mixture of cast iron possesses an 
ultimate tensile strength of 9 tons per square inch, calculate tne breaking 
weight of a standard bar 2 inches by 1 inch, plac^ upon supports 3 feet 
apaH and loaded in the middle. In using for this purpose the ordinarv 
theory of transverse flexure, add any comments that you may think 
necessary in regard to the result so obtained. 

6. Mention some practical tests by which we can estimate or measure 
the ductility of metals, and some of the reasons which make it important 
to obtain a test of this property. 

7. Describe with the nelp of sketches the general arrangement of 
any testing machine you are familiar with, suitable for tensile and 
compressive tests. Explain how the machine may be tested for accuracy. 

8. Explain how a cube of cast iron can be tested to destruction by com- 

pression in a testing machine; how is it likely to fracture? Give your 
reasons. ^ 

9. Sketch and describe any arrangement in which a weight can be moved* 
along a beam which oscillates about a fixed fulcrum — such as the beam in 
a testing machine — without exercising any constraint on the oscillatory 
motion of the beam. 

10. Specimens of (a) oast iron and { 1 ) mild open-hearth steel are to be 
tested in direct tension. Sketch the forms of test-piece and of holding 
shackle that would be suitable in each case, and describe the kind of 
fracture that may be expected to take place. 

11. In testing specimens of mild steel, with a given length between 
gauge -marks, how would the ultimate elongation be afiected by the 
diameter of the test-piece. 

12. Describe, with sketches, and explain the working of any form of 
autographic apparatus for producing a stress-strain diagram during the 
testing of a specimen to destruction in tension. 
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LECTURE VI. 

STRENGTH AND ELASTICITY OF MATERIALS. 

TESTING AND TESTING MACHINES— Con/mwerf. - 

Coi<T£NTS. — Shearing, Planing, Boring, Punching, Drifting, and Riveting, 
Hammering to a Point or Edge — Fatigue of Metals — Historical Notes 
— Wohler’s Testing Machines, with an Example — General and Par- 
ticular Deductions from Wohler’s Experiments— Gerber’s Formula — 
Elastic Limits — Heating due to Stress — Rest and Heating Relieve 
Stress — Microscopic Examination of the In^er- Molecular Crystalline 
Action in Metals due to Fatigue — Prof. Ewing’s Conclusions — Prof. 
Reynolds and Dr. J. H. Smith’s Methoa of Testing Metals by Tensile 
and Compressive Reversals of the Mean Stress— Determination of 
the Tensile, Compressive, and Range of the Reversal Stresses, writh 
Formulae and Results on Mild Steels — Impact Tests — Seaton and 
Jude’s Impact Testing Machine — Advantages of the Impact Test 
— Cumulative Effects of Small and Medium Shocks — Effect of 
Allowing a Factor of Safety for both Fatigue and for Impact — Drop 
or Falling Tests — Torsional Tests — Torsion of Rods and Wires— 
Hardness, Temper and Brittleness Tests — Methods of Determining 
the Hardness of a Metal — ^Workshop Test — Calvert and Johnson’s 
Tost for Alloys — Prof. Unwin’s Test — Comparison between Unwin’s 
Indentation Test and the Scratch Method — Brinell Hardness Test — 
Caledonian Railway Company’s (1908) Specification for Steel Rails, 
90 lbs. per Yard Section — Questions. 

6. Shearing, Planing, Borings Punching, Drifting, and Rivet- 
ing, Hammering to a Point or Edge.— If this had been a lecture 
upon these headings in the sense of “Workshop Appliances and Methods,” 
then many well-illustrated and instructive pages might be written about 
them. But here, in this instance, the attention of the student has simply 
to be drawn to the fact, that under certain circumstances, and in certain 
specifications, one or more of these methods are used as tests for iron, 
steel, and certain other metals, in addition to one or more of the special 
tests detailed in the previous, this, and the following lectures. 

When Mr. H. E. Yarrow, of the well-known torpedo-boat building 
firm at Poplar, London, delivered his address to the Junior Institution of 
Engineers on December 2nd, 1904,* he pointed out, that one of the most 
important considerations in the design of torpedo vessels was, how to realise 
(as far as possible) the maximum of strength with the minimum of weight, 
BO that their hulls might have uniform elasticity throughout their length. 
The importance of realising this fact will be unaerstood when it is remem- 
bered, that in a rough sea such vessels are subjected to severe Ending 
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forces many times per minute. It, therefore, lies in the capability of the 
yielding qualities of such fast vessels to the blows of the sea to partially 
Imd gradually absorb the energy of the waves — just like the action 
on a watch spring — rather than to rigidly oppose these forces, that 
their success depends. Any mdden change in the elasticity of the 
plates, due to local hardening or stiffening, will sooner or'later tend to 
fracture them where the rigidity begins and ends. You maj* say — but 
what has all this got to do with the above-mentioned headings? Well, 
we shall see. 

Shearing versus Planing^ and Punching versus Boring — The operations 
of shearing and of punching ordinary iron or steel plates for ships, bridges/ 
or boilers are certainly not mild, clean, kind^ cutting actions. They con- 
sist largely of tearing and detrusion, for most of the work is done at the 
commencement of the pressure of the shears or the punch, or just imme- 
diately after the first yielding of the metal. 

The processes of shearing and of punching require far greater immediate 
forces to accomplish their object than planing or boring by keen well- 
shaped tools. Consequently, the plates are much more stressed, strained, 
and hardened or damaged near the shear line and around the punched 
holes than they would be if they were well planed and bored. Of course, it 
depends largely upon the class of work to be done, and the kind of material 
used, whether shearing or planing and punching or boring should be 
employed. For the commoner kinds of cheap “ cargo- wallers ” or tramp 
vessels, as well as for ordinary steel roofs and bridges, shearing and 
punching of their plates and angle-irons may be good enough ; but, for 
high-class steam boilers, warships of all kincis, and the best engineering 
structures which have to resist severe pressures, alternating stresses and 
shocks, planing and boring is now rigidly insisted upon. And, the plates, 
or samples of them, should be tested for their resi)ective adaptability to 
undergo the agreed upon constructive operations. 

Punching and Drifting , — When holes are to be punched in plates which 
have afterwards to be riveted together, the positions of the holes are 
generally marked off on each of the two plates from the same wooden 
template. Then, however accurately pitched the holes in the wooden 
template may be, and however great the care in marking them off upon 
each of the two plates, the holes seldom come in quite fair and square 
when the plates are set up for riveting. Consequently, in order to bring the 
holes into line, severe drifting with a tapered steel tool or drift and a power- 
fully wielded forehammer is generally resorted to by the riveter before he 
can introduce the rivet. Rimering or broaching out the holes by a tapered 
cutting tool would be a much kinder action, and would relieve some of 
the stresses in the metal, but then the holes would often be skew or 
slanting, and of different sizes. In any case, the double operation of 
punching and drifting is much more likely to damage the plates, and 
tend to their afterwards cracking and splitting between the holes, than 
the following method, which is now being adopted in all the best Admiralty 
and other work where the riveting of plates have to be effected : — 

(1) One plate is drilled and, if need be, counter-sunk on its outer side. 

(2) The other plate is then set up in position and both are clamped 
firmly together. 

(3) If tee plates form part of a structure such as a ship or a bridge where 
an ordinary drilling machine cannot be got to act, then pneumatic or 
eleotrio drills are set to work to bore out the holes in tee unpierced 
plate from the side and by the aid of the guidance of the iioles in the 
previously drilled plate, which thus acts as ** jigs ** or guides. 

* BridgM are ail drilled and planed 
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In this way, the work may be done with very great accuracy and with 
an entire absence of the necessity for drifting, as well as pleasure to the 
workmen, thus tending to his evenness of temper and absence of strong 
language, which is usually met with when punched holes require much 
drifting, accompanied by a corresponding punishment to the plates. When* 
ever several of the first set of plates have the same size arid pitch of holes, 
they may be clamped together and multiple-drilled all at once. Thus, a 
saving in the expense as well as infinitely better treatment may be effect^, 
so that the drilling of holes in plates which have to be afterwards riveted 
together will not cost very much more than punching them. 

Hammering to a Point or Edge, — Punching or drifting as a mere test 
is sometimes resorted to, as well as that of hammering, cold or hot, to a 
point or edge. * 

It is sometimes found, that in certain kinds of steel plates the metal is 
not homogeneous. If this should be suspected, then a sample plate may 
be taken and punched here and there, when it will soon be noticed whether 
the punch passes through all the holes with the desired uniform facility 
or not, and whether the parts surrounding the holes have suffered in 
any way. 

Also, drifting tests are sometimes resorted to as a means of detecting 
the ductility or fitness of metals to withstand cold expanding, squeezing, 
riveting, or caulking stresses, such as in the case of boiler tubes and 
rivets, &c. The old familiar “Admiralty Test,” of hammering down to 
an edge or point whilst cold or hot certain specimens taken from a plate 
or a bar is still quite common, a-* may be seen by inspecting the Admiralty 
rules and the French methods of testing materials of construction, given at 
the end of the previous lecture ; or, in fact, most of the rules of the several 
inspecting Boards referred to in the footnote on page 652. 

These and such like tests depend to a certain extent upon the skill of the 
workman who performs them, and a man either “ makes a spoon or spoils 
a horn,” if he wishes to do so, when the metal is not specially well adapted 
for the test in question. In this way, then, the tests under this heading 
have to be performed by an unbiased and skilful hand, and are thus 
unlike the previously mentioned mechanical machine tests. 

6. Fatigrue of Metals. — This is a most important part of the subject 
•Strength and EloLsticity of Materials, It has received special attention 
from a few eminent engineers, whose laborious and valuable researches 
are recorded by them in the Proceedings of the learned Societies or Insti- 
tutions to which they belonged. But, as these are unobtainable by 
students, except through one or other of the chief engineering or uni- 
versity libraries, a short history will not be out of place. 

Historical Notes.— In i860, Sir William Fairbairn, LL.D., F.R.S., 
a Scotchman, carried out a series of the first recorded experiments on 
Repeated Stresses upon a riveted wrought-iron girder ; and in 1864 he read 
a paper on his experiments before the Hoyal Society. These results seem 
to have agreed with those arrived at quite indepenaently by Wohler. 

From 1860 to 1870 Herr A. Wohler, formerly Locomotive Superin- 
tendent of the Royal Lower Silesian Railway, was engaged by the Prus- 
sian Ministry of Commerce to conduct a series of experiments on the 
lapabilities of iron and steel to withstand repeated alternating stresses. 


* See Proc, Inst, C,E„ vol. xoii., for a paper on “The Use of Testing of 
Open-Hearth Steel for Boileriuakiiig,” by Hamilton Goodall. 
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Uis laborious and most valuable researches into the ** Fatigue of Wrought 
Iron and. Steel ” are published in ZaiUchrift fUr BamoMen^ Berlin. A 
very full abstraot of nis report, with figures of the different machines 
designed and used by him, appeared in Engineering ^ voL ix., 1871. A 
shorter article by Arthur N. Kemp on the “ Fatigue of Metals ” appeared 
in the September number of the Engineering Review for 1904, wnerein 
some of Wohler’s machines and experiments are given, as well as results 
by other engineers. 

In 1873, Launhardt’s experiments are given in ZeUachrift dee Architeclen 
und Ingenieur- Vereina^ Hanover. 

In 1874, Spangenberg repeated Wfihler’s experiments with the very*^ 
machines devised by the latter, and obtained similar results, which are 
also published in Zettschrift fur Bauweaen, 

In 1874, Gerber published in Zeitachrift fur Bmkundey Munohen, a 
formula representine the best results of Wdhler’s experiments. It is 
certainly simpler ana easier of application than Launhardt’s or Wey ranch’s 
formulie, ana is the same or similar to that used by Prof. Unwin (see a 
following page). 

In 1879, Lippold published his views in Organ fiir die Fortaehritte dee 
SHaenhahmoeaena, Wiesbaden. 

In 1881, Prof. Mohr wrote on this subject to Der OivU Ingenieur, Leipzig. 

In 1886, Sir Benjamin Baker, M.lnst.C.E., read a paper before the 
American Society of Mechanical Engineera on the results of his experiments 
upon iron and steel, which were obtained by using a similar rotating 
machine to one of those designed and used by Wohler. Here, a horizonted 
spindle rotated 50 to 60 times a minute, having chucks beyond its two 
midbearings gripping test bars, whose further or outer extremities were 
hooked on to vertical tension springs. Hence, during each revolution, 
each test-piece was subjected by its spring to alternate tension and com* 
pression. In one case these were repeated over 14 x 10^ times before frac- 
ture of the test-piece occurred. 

In 1886, Bauschinger published in Mittheilungen aua dem Mech, 
Techn. Lahoratorium in Munchen his important communication on the 
** Variation of the Elastic Limits of Materials.” 

In 1899, Prof. J. A. Ewing, F.R.S., and Walter Rosenhain, in their 
Bakerian lectures on the ** Crystalline Structure of Metals,” and again in 
the PhiloaophicoU Tranaactiona of the Royal Society (see Series A, vols. 
193 and 195), give some interesting and useful information bearing upon 
this subject. 

In 1902, Prof. Osborne Reynolds, F.R.S., and Dr. J. H. Smith, M.Sc., 
read their paper on a * ‘ Throw- testing Machine for Reversals of Mean 
Stress ” before the Royal Society (see Series A, vol. 199 of Phil, Trana, 
Roy, Soc, ), I am indebted to the kind permission of Dr. J. H. Smith for 
leave to make abstracts of this paper. 

In 1905 Dr. Stanton and Mr. Bairstow read an important paper giving 
the results obtained at the National Physical Laboratory (Proc. Inat., C,E,f 
vol. clxvi.). 

In 1911 Messrs. PMen, Rose, and Cunningham [Proc, Inat,^ M,E.)% 
published a paper giving the results of experiments upon rotating beams 
with uniform bending moment. 
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Wohler’s Testing Machines, with an Example. —By means of 
inffeniously contrived machines, he submitted test-pieces to~(l) Direct 
pml, alternated with complete or partial relaxation from the pull. (2) 
Repeated bending in one direction. (3) Bending in opposite directions. 
(4) Twisting the test-piece towards one side "" only ; and, (6) towards 
opposite sides 

Unfortunately, Wohler’s experiments, although extensive, were not 
carried out on a sufficient variety of materials to oe of universal use since 
his experiments were restricted to iron and steel ; hence the results of his 
tests must nbt be generalised too freely. He found, that wrought iron, 
having an ultimate tensile strength of 19*5 tons per square inch, wouhl 
stand an indefinite number of alterations of stress, provided the limits did 
not exceed the following : — 


Kind of Stress. 

Stress in Tons per 
Square Inch. 

Alternating load, or from a pull to a push. 

Load varying between zero and maximum, or from \ 

a certain pull to no stress, j 

Load varying between limits, or from a certain pull \ 
to a less pull, j 

+ 7 to - 7 
+ 13 „ 0 

+ 19 „ +10i 


From these results it appears, that the relative values of the maximum 
loads for iron under these three conditions are approximately 1:2:3 
Moreover, he found similar results in the case of certain specimens of 
steel. 

General and Particular Deductions from Wohler’s Experi- 
ments. — (1) That wrought iron and steel are ruptured by stresses much 
below their statical breaking stress, if such stress he repealed a 9ufficierU 
number of times, 

(2) That within certain limits the range of stress^ and not the maximum 
stress, determines the number of reversals for rupture. 

(3) That as the range of stress is diminished, the number of repetitions 
for rupture increases. 

(4) That there is a limiting range of stress for which the number of 
repetitions of stress for rupture becomes infinite. 

(5) That this limiting range of stress diminishes as the maximum stress 
increases, which was clearly indicated by the results under the previous 
heading. 

Gerber’s Formula.— As previously mentioned in the historical notes, 
Gerber founded a formula upon Wohler’s experiments. He did so by 
■imply plotting the ranges of stress as ordinates and the corresponding 
minimum stresses as abscissas, when he found, that their points of inter- 
section, if joined, formed a parabola. Consequently, the formula to fit io 
with this curve is known as^ 
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Gbkber’s Pakabolio Equatiob 
/(max.) = 1^4- cA/). 

Where ^(max.) =: the maximum stress, 

,, /(min. ) = the minimum stress, 

„ 7 == the statical breaking stress, 

„ A =3 the range of stress =* /(max.) ±/(mm.#. 

And c s a constant. 

Fora9i(it%cal load, A =« 0, and /(max.) =* /. 

For a load varying between 0 and a maximium — 

A 3a/(max.). 

And approx., when c — 1*5, then/(max.) — J/. 

For an ^ load varying between f (max.) + andjmin.) — 

A = 2/ (max.). 

And, when c =» 1*5, then /(max.) = J/. 

Henoe, the relative values of the above maximum loads, which are ^ 

Alternating : Variable : Statical, 

Are as, i : I : I , 

Or as, 1 : 2 : 3, 

just as Wdhler found them to be, by his testing machines, for the wrought 
iron referred to in a previous paragraph. Of course, the constant c baa 
various values for di£Eerent materials, and, whilst it may be about 1 ‘5 for a 
certain kind of wrought iron, it will rise as high as 2*5 for the finest 
spring steel. 

Example I.— Two steel bars, having a static breaking load of 28 tons 
per square inch, are stressed in tension, the one from 4 to 6 tons per 
square inch and the other from 1 to 5 tons per square inch. Find the 
breaking strengths for the respective methods of loading. 

The stress variation must first be put in terms of maximum static stress, 
and this again in terms of the new breaking stress /(max.), thus : — 


Highest stress - lowest stress 
Highest stress 


/(max.). 


In the first case, where the ultimate static stress a 30 tons per sq. ineh, 
A = ^^/(max.) = |/(max.). 

Now, taking Gerber’s formula and substituting the values for the symbola 

Where / => Original breaking stress in tons per square inch a 28. 

„ A a Stress variation in terms of /(max. ) in tons per sq. inch. 

, , c a A constant deduced from experiments » 2 for hard steel 

„ /(max.) a The new max. breaking stress in tons per sq. inch. 

We get, /(max.) = | + 
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Simplifying, squaring, and solving this quadratic equation, we find-- 

For First Cast— 

/(max.) = 22*5 tons pep square inch. 

In the second case, where the ultimate static stress = 28 tons per sq. inch, 

A = ^^/(max.) = ^/(max.). 

Therefore, substituting the values in the formula, we obtain^ 

/(max.) = I + ./(/^-cA/) 

>1 =|/(max.) +^(28)’- (2 x i/(max.) x Ssj. 

?/(max.) = 7784-44-8/(m^. 

Simplifying, squaring, and solving the quadratic as in the first case, 
we find — 

For Stcond Case — 

/(max.) = 14*6 tons per square inch. 

Elastic Limits. — Bauschinger showed, in his 1886 paper, that u hcn 
the elastic limit in tension is raised, the elastic limit in compression is 
lowered. Also, that by subjecting a material to a few alternations of 
equal stresses, the elastic limits tend towards fixed positions, which posi- 
tions he called the natural elastic limits. Further, he explained the results 
which he obtained, when subjecting a metal to repeated stresses, by showing 
that the limiting range of stress coincided with the difference of the two 
natural elastic limits. 

Heating due to Stress. — All have noticed, that when bars of metal 
are subjected to various stresses they become heated due to the work 
done upon them. Hence perfect elasticity does* not exist in such 
materials. 

Rest and Heating Relieve the Molecular Stress. - It has been 
noticed, that when a metal has been fatigued, due to varying stresses, 
a period of rest or of annealing will apparently restore its elasticity. 
Profs. Ewing and Muir of Cambridge are reported to have found that 
a few minutes* immersion of a fatigued bar in hot water effects such 
a recovery ; thus showing that high temperatures are not necessary 
under certain conditions for annealing or for recuperation. 

Microscopic Examination of the Inter-Molecular Crystalline 
Action in Metals due to Fatigue. -Prof. Ewing and Mr. J. c. W. 
Humphrey,* in some recent experiments, applied the microscope to watch 
the process by which iron breaks down and becomes fatigued under 
repeated reversals of stress. The tests which they carried out were on 


* See Froc, Roy, Soc.^ 1903, paper on “The Fracture of Metals under 

repeated Alterations of Stress,** by Prof. Ewing and J. C. W. Humpltroy. 




158 


LFOTURK VI. 


Swedish iron of high quality, having a statical breaking strength of 23*6 
tons per square in^ on the origins area, an extension of 26 per cent, in 
a len^h of 8 inches, and a contraction of 61 per cent, in the area. 

The test'bars were in the form of rectangular rods measuring ‘3 inch by 
‘1 inch, and were first prepared by annexing in a muffle furnace, being 
enclosed in a tube of lime, and the whole kept at a dull-red heat for two 
hours. One face of each rod was polished and etched prior to its being 
subjected to alternating stress actions, so that under test the polished 
surface was alternately stretched and compressed. The machine used was 
similar in form to that of Wohler’s, and ran at 400 revs, per minute. 

Prof. Ewing's Conelusions. — “ Whatever the selective action of the 
stress is due to, the experiments demonstrate, that in repeated reversals 
of stress certain crystals are attacked and yield by slipping, as in other 
oases of non-elastic strain. Then, as the reversals proceed, the surfaces 
upon which slipping has occurred continue to be surfaces of weakness. 
The parts of the crystal lying on the two sides of each surface continue to 
slide back and forward over one another. The efiect of this repeated 
sliding or grinding is seen at the polished surface of the specimen by the 
production of a burr or rough and jagged irregular edge, broadening the 
slip band and suggesting the accumulation of debris. Within the crystal 
this repeaj^ed grinding tends to destroy the cohesion of the metal across 
the surface of slip, and in certain cases this develops into a crack. Once 
a crack is formed it quickly grows in a well-known manner, by tearing at 
the edges, in consequence of the concentration of stress which results from 
lack of continuity.” 

**The experiments throw light on the known fact, that fracture by 
repeated reversals or alternations of stress resembles fracture resulting 
from a * creeping’ flaw in its abruptness, and in the absence of local 
drawing out or other deformation of shape.” 

The formation of cracks does not appear to be so serious in the case of 
unidirectional stress, as in the case of alternating stress, there being some 
especial weakness induced by reason of the alternations. It is a curious 
fact, that a piece of material after being fatigued by varying stress actions 
and which has nearly arrived at its limit of endurance, does not appear to 
show any marked deterioration either in tensile strength or in its plastic 
properties when tested by the static method. Prof. Ewing says this is 
not to be expected, so long as the reversals have not been sufflcient to 
produce a crack, but it will nave a yield-poiiU corresponding to the amount 
of permanent extension it has received. 

7. Fatigue of Metals {Coruinued). -?vof, Osborne Reynolds’ 
and Dr. J. H. Smith’s Method of Testing Metals by Tensile 
and Compressive Reversals of the Mean Stress.*— In the year 
1899, Prof. Reynolds suggested a novel method of testing the “Fatigue of 
Metals,” and gave a general idea of the design of the apparatus and means 
by which the experiments should be carried out to Mr. J. H. Smith, the 
1861 Exhibition Scholar, at his Whitworth Laboratory, Owens College, 
Manchester. The credit for the details of the design, calculations, and 
execution of the work has been honourably given by the former to the 
latter engineer in tlWir joint paper oh a “Throw Testing Machine for 

*See Vol. 199, PhUosophiccU Transactions ot the Royal Siociety of London^ 
Series A, November, 1902; also, T. E. Stanton and Leonard Bairstow’s 
paper on “The Resistance of Iron and Steel to Reversals of Direct Stress.’* 
in the Proc, JnsL O.E. (Paper 3,630), Session 1905-1906. 



FATIGUE OF METALS. 


159 


Reversals of Mean Stress,” as read before the Royal Society on March 20, 
1 902. This arduous research occupied about two years, and the author is 
indebted to Dr. Smith for his kind permission to reproduce in this book a 
concise outline of the objects, methods, and results whereby the under- 
taking was achieved. 

Oljects of the Research. — “(1) The stress should be direct tension and 
compression, and (2) of approximately equal ^amounts, such tension and 
compression being obtained by means of the inertia force of an oscillatory 
weight ; (3) the rapidity of repetitions should be much higher than in tlie 
experiments of Wohler, Spangen- 
berg, Bauschinger, and Baker; in 
fact, ranging as high as 2,000 
reversals per minute.” 

Hitherto most of the experiments 
on “repeated stress” had been car- 
ried out on bars subjected to 
bending, where the ordinary formula 
for stress in a bent bar was used to 
calculate the stress at breaking. In 
such experiments, it had been as- 
sumed, that the distribution of the 
stress at the breaking-down point 
was the same as for an elastic bar. 

But, no such assumptions are neces- 
sary with this method. Further, 
the tensile and compressive stresses 
bein^ nearly of the same value, the 
elastic limits would soon be changed 
to their natural positions, and the 
“ range of stress ” for unlimited 
reversals would be this natural elas- 
tic range. If the limiting range 
coincide with the natural range, 
it would be constant whatever the 
rate of the reversals. Most of the 
experiments were conducted to find 
out the varicUion of the limiting range 
of stress as the rapidity of the re- 
versals increased ; but the import- 
ance of extending the experiments 
to very high speeds was fully 
recognised, in view of the tendency 
of engineers to adopt fast - speed 
reciprocating engines, tools, and 
machinery. 

The Aw^raZus and the Method oj Applying the Stresses. — The line 
diagram (Fig. 13) merely indicates the more important parts as far as this 
concise description is concerned, but it will be understood from it, that the 
test specimens consisted of round short rods of small diameter. These rods 
were about 34" over all, with screwed ends of J" diameter by 14 " long, 
turned down in their middle part to J" diameter by 4" 
filleted out to short collars the size of the bottom of the threads of their {" 
screwed ends, in a similar way to the test- pieces shown by Fig. 9, but 
much shorter in the body. The ends of each specimen were screwed home 
Into the top and bottom chucks, or upper and lower spindles, and made 



Fig. 13. — Throw Testing Machine 
FOR Reversals of Mean Stress. 
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fast bv look-nuts. Upon the lower spindle there wt*ro suspended any 
desirea number of flat found disc weights ; whilst the top end of the upper 
spindle was attached to a crank of radius or “ throw*' by a connecting* 
rod 12" in length, and the whole truly arranged for vertical reciprocation 
by the three guide bushes, as shown by Fig. 13. The overhanging crank- 
pm was tumra out of the solid from one end of its crank-shaft. This shaft 


was very strong and rigid, «being supported by two bearings. It was 
uniformly rotated by a rope and coned pulley drive, the pulley being fixed 
to the back end of the crank -shaft, which extended beyond the after bearing. 

The periodic, vertical, up-and-down motions of the two spindles (between 
which the test- piece is fixed) are approximately simple harmonic motions, 

due to the length of the connecting-rod being that of 24 craiiks 


with good lubrication of the guide bearings, the friction was reduced to a 
minimum. The weight attached to the lower spindle plua the weight of 
the latter produced, by their inertia, a tension stress at the bottom end and 
a compression stress at the top end of the stroke. For a fixed load and speed, 
the stress per square inch of cross-section on test-pieces was varied by in- 
serting specimens of different diameters ; or, the load or the nwolutions per 
minute of the crank could be varied at pleasure to produce different stresses 

Uniform Torque^ Total Energy^ and Balancing of the Moving Parts, — In 
order to enable the calculations of the stresses in the specimens to be 
correctly determined, the axis of the crank-shaft must be at rest, whilst 
the crank revolves with uniform angular velocity. This was eflccted by 
driving the crank -shaft with a constant turning effort or “torque,” 
making the total kinetic energy of the moving parts constant for each 
experiment, and by good all-round balancing of these parts. 

The total energy of the moving parts was rendered invariable by first 
attaching a second horizontal connecting-rod lo a lug-pin on the large 
crank-head of the vertical connecting-rod, at the level line of the crank- 
shaft centre. This second connecting-rod was equal in length to 18 cranks, 
and gave a reciprocating horizontal motion to adjustable sliding weights 
(not shown in Fig. 13). Since the vertical and the horizontal weights each 
received their motions from the same crank -pin, the velocity of the one 
varied as the and the other as the cosine of the angular displacement 
of the crank. 


Hence, the sum of the squares of their velocities were constants, since 
sin-a -i-cos^a = 1. Consequently, the total kinetic energy of the parts were 
rendered constant when tlie total weight moving in a horizontal direction 
was made equal to that moving in a vertical direction. Second, by a rigid 
system of balancing the rotating parts, the whole of the moving parts of 
the machine were dynamically adjusted. 

Determination of the Tensile, Compressive, and Range of 
^e Reversal Stresses, with Formulae and Results on Mild 

Steels. — Referring back to Lecture XII., Vol. I., we see, on pp. 314 to 318, 
the formulae and figure connecting centrifugal force with the weight and 
axxeltration of a particle moving uniformly in a circle. In the figure 
(p. 315) alluded to, PA represents the connecting-rod at the top oi the 
stroke. Here rfl vanishes, and we are left solely with the upward momentum 
of the vertical weight minus the dead weight, thus causing compression. 

Now, when the crank moves round clockwise to its lowest position, rjl 
also vanishes, and we are again left with the downward momentum of the 
weight plu^ the dead weight, causing a tension stress. 

Again, during the time that the crank arm moves clockwise at a uniform 
angular velocity from its highest to a horizontal position, the vertical 
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weight moves downwardS) from zero velocity to a maximum velocity, with 
a certain acceleration. Hence, the route of change of tie momentum is equal 
to the product of its mass ( W-^ gr) and its acceleration during that time ; or, 
the force of the moving weight on the specimen is equal to its mass x its 
acceleration + its dead weight. 

LfOt r = Radius of crank in feet. 

I, I = Length of connecting-rod in feet. 

„ W = Weight of the moving mass in lbs. 

,, v r= Velocity of mass in feet per second. 

I, w = Angular velocity in radians per second. 

„ N = Revolutions per minute. 

,, n = Revolutions per second = N -r- 60. 

„ g = Acceleration due to gravity. 

,, A = Area of the cross-section of specimen in square inchet>. 

,, Fc = Force or stress due to compression in lbs. 

„ F* = Force due to tension in lbs. 


In the “ Throw Testing Machine,” let the ratio of the crank radius r to 
the length of the connecting-rod I be taken into account, and let us note 

W 

that the acceleration of the moving weight = — , whilst its mass is = — 


Then, the Force of Compression 
per sq. in. on the specimen 

Or, I) I) 


'W 

W ^ r\ 1 W 


y^r^//A A 


Wa»®r*\l W 

. gr 

grl )a a 


lbs., 


i.s., t) 




Fo 


W«*r 

Ta~ 



- Iba 
A 


In the same way and from the previous reasoning, we obtain the formula 
for the tensile stress per square inch on the test-piece when the weight 
arrives at its lowest position. 

Thus, the Force of Tension\ „ _ W a>^r/ r\ . 
per sq. in. on the specimen A ^ ^ A 

And the Range of Stress is equal to the sum of these two stresses. 

2 W 

Or, The Range of Stress = F© + Fj = r — lbs. per square inch. 

g A 

Results on Mild Steel,— lu order to epply this formula to one or more of 
Dr. Smith’s results, we here quote two of them : — 


Oscillatory weight, 12*42 lbs. Diameter of specimen, *2469 inch. 


sbt a. 

Mild Stbel. 

Revolutioua 

ni^nte. 

Maximum or 
Tensile 
Stress per 
Sq. Inch. 

Minimum or 
Compression 
Stress per 
Sq. Inch. 

Bange of 
Stress per 
Sq. Inch. 

Number of 
Reversals 
before 
Bupture. 

Annealed, . . 

2,126 

7*99 tons 

7’11 tons 

15*1 tons 

248,700 

Unannealed, . 

2,122 

8*03 tons 

7-17 tons 

1 

15*2 tons 1 

1 

1 

226,500 


2 11 
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applying the previous formula for ran^e of stress to the first 
fpeoimen, we get— 

2 W fti^r 

Fo + Ft = —z nTTiA P®r square inch. 

^ A X 2,240 

Here, W= 12-42 lbs.; a.>= (2irn)>= N = 2,126j 

r = (^) feet; = 32-18; 

A = '^ = -^ (•2469)'* = -04788 square inch j 

4 4 

2,240 = lbs per ton. 

XT I? 1 ? _ 2 X 12-42 IT V *5067 / tons pei 

Hence, Fo + Ft - ^ 2 240 1.60 j 12 A i sq- inob. 

Or, Range of stress = 1 *595 x 10 ~ ^ x — tons per square inch. 

That is, Range of stress = (1*695 x 10 ~ 7) 

„ ,, = 15*08 tons per square inch. 

This answer corresponds with the value given in the previous table. 


Prof. Reynolds, in his preface to the previously-mentioned joint Royal 
Society paper, says, that Dr. Smith’s experiments had brought out evidence 
of two general laws which had hitherto been unsuspected, viz. : — 

(1) That under a given range of stress the number of reversals before 
rupture diminishes as the frequency increases, 

(2) That the hard steels will not sustain more reversals ivith the same 
range of stress than the mild steels when frequency of the reversals is great. 

This later statement is borne out by the results given in the previous 
table, and some of Dr. Smith’s other tables show signs of the first law, and 
he suggests that the explanation of the results will probably be traced to 
the hysteresis effect — ».e., to an accumulation of the lag which occurs in the 
elastic range. * 


8. Impact Tests. — In addition to what was said in the previous 
lecture under the heading “ Different Mechanical Tests,” and to what has 
just been written under tests 6 and 7 on the ** Fatigue of Metals,” it may be 
remarked here that impact tests are necessary for steels as well as for other 
metals which are to be afterwards subjected to shocking tveatment — t.c., to 
lapidly-repeated loads of one kind, or to alternating loads. Messrs. Seaton 
and Jude found, that commercial brands of steel, which contained only a 
small percentage of carbon, gave the best shock resistance results, and that 
brittleness was increased very rapidly by an increase in the percentage of 


* Mechanical Hysteresis.^TYiis term has been applied to the area enclosed 

between the ascending and descending stress-strain curves. These curves 
are obtained by gradually added loads from 0 to a maximum, and decreasing 
again to zero, in a similar way to the means taken to obtain magnetic hys- 
teresis of iron or steeL 
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carbon. Further, that the line of fracture of the metal followed the direc- 
tion of the ferrite by avoiding the pearlite. They also observed (as pointed 
out in the previous lecture under Kirkaldy’s inventions), that oil 
out in the previous lecture under Kirkaldy’s inventions), that oil 
quenching had the extraordinary effect of increasing the shock strength of 
certain commercial steels some 500 to 60u per cent. 

Seaton and Jude’s Impact Testing Machine.— This testing 
machine consists of a weight (of, say, 6 lbs. ) being allowed to drop down 

freely through a distance (of, say, 
24 inches) upon the test-bar specimen 
of the metal in question, as clearly 
indicated by the accompanying line 
diagram (Fig. 14). The small speci- 
men of a A notched bar 4" x J" x 
where the notch is only i inch deep, 
is given by Fig. 15, and its position 
in the previous figure shows how 
it may be fixed upon supports having 
a horizontal distance between them 
of, say, 3 inches. After each blow 
the test-piece is reversed, and the 
apparatus is designed more for the 
purpose of testing the endurance of 
a material under a few repeated 
shocks rather than for testing under 
what shock it can be fractured by 
one or two blows. It is preferred 
to have the test specimens slightly 
notched, as shown by Fig. 15, because 

^ 


A I 

Notch, deep. 

Fio. 14 .— Line Diagram of “Impact” Fig. 16 .— “ Impact ” Txst-Pieox. 
Testing Machine. 

Am used by A. £. Seaton and A. Jude. 

most members in engineering structures have scratches, nicks, indenta* 
tioDB, or even notches in some cases. 

Modern commercial forms of impact testing machines are of two principal 
types. In the first type, introduced by Mr. Izod, a pendulum breaks off a 
small notched specimen, and the energy taken out of the pendulum swing 
is measured. In the second type —such as designed oy Seaton and 
Jude — a hammer gives a number of blows on a notched specimen, and the 
number of blows before fracture are measured. 


•e 

is 


][' 


][« 


WKIQHT. 
y Test-Piece. 


ANVIL. 
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LECTURE VI. 


Advantages of the Impact Test.— it is affirmed by the above- 

mentioned advocates of this test : — 

(1) That it is a gauge of the preponderant stress or ** dislocating agent.” 

(2) That materials which are sufficiently ductile will resist this impact 
or shocking test ; but, that certain materials which give excellent tensile 
and elongation results will not stand this impact test. 

(3) That 99 per cent, of all forgings are notched in some way or other, 
and that internal or external sharp edges cannot always be avoided in the 
design of machines, or even deep scratches in their construction. 

Cumulative Effects of Small and Medium Shoeks.--On6 effect 

which is sometimes confused with the phenomena investigated by Wohler, 
but which should be treated as distinct from them, is the failure which is 
sometimes brought about through the cumulative effect of shgcks. When 
a blow or shock expends kinetic energy in stressing a material or struc- 
ture, the strain (which may be more or less general or local according to 
circumstances) is such, that the work done in producing it is equal to the 
energy of the blow. If the shock resulting from the kinetic energy of the 
blowbe more than can be absorbed by the elastic property of that portion 
of the material or structure where it occurs, the elastic limit will be 
exceeded and local hardening will occur. If such shocks bo oft re- 
peated they may finally cause the collapse of the material or structure. 
This may be shown graphically by means of a stress-strain diagram. 

Effect of allowing a Faetor of Safety for both Fatigue and 
for Impact. — it is a matter of controversy among certain civil engineers 
whether it is necessary to allow for repeated impact shock effects in 
addition to those of mere fatigue stresses, in bridge work, for example, 
it is found, that the members become exceedingly Targe and heavy when 
both are allowed for, and therefore it is often assumed that, as the stresses 
are more or less intermittent, the allowance for fatigue alone, sufficiently 
covers those due to impact shocks. The stresses allowed for in the case 
of, say, wrought-iron bridge-work are only about 5 tons per square inch, 
and for steel about tons per square inch. A period of rest for a fatigue 
structure most certainly tends to restore its elasticity, but whether it 
also actually restores the metal to its original strength (without any 
annealing) is not known. It is certain that even annealing will not 
bring a material back to its best original or best normal condition when 
cracks or cleavage have once been started in its molecular structure. 

9. TorsionalTostS. — The usual arrangements for torsional tests in large 
tensile testing machines are found to be not only inconvenient, but are 
sometimes essentially incorrect in principle. Moreover, such machines 
admit but short specimens. Here, even more than for transverse tests, 
the use of a separate machine is very advisable The machine shown by 
a side elevation and plan in Fig. 16, was used by Prof. Kennedy at 
University College, London. The twist is applied through a worm wheel, 
and works with a maximum torque of 4,000 lb. -inches. The test-piece a is 
turned at its ends, centred at one end of the mandril of the worm wheel 
and at the other end in the boss of the steelyard. Before the stress is 
applied, the test-piece lies ouite freely in the bored holes which centre it. 
Also, the test-piece is at all times free to move endwise, and is driven 
from an arm on the mandril through a friction-clutch. A similar friction- 
clutch at the other end of the test-piece transmits the pressure to the 
steelyard, and causes it to rise from its fulcrum. An arrangement is made 
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by whioh the actual lift of the steelyard end of the test-piece is kept so 
small as to be negligible. During a test, the steelyard is kept floating by 
moving the poise- weight outwards along the beam as the twisting moment 
is increased. A machine capable of twisting asunder an inch bar of steel 
with a twisting moment of 14,000 to 16,000 lb. -inches is found to be 
sufficient for most laboratory purposes. 




Should it be found necessary to record the torsions throughout a test, 
then an automatic disc recorder, faced with paper and supplied with a 
spring- pressed pencil,* may be fixed at D R, or a plain drum recorder may 
be usea. Specimen torsion diagrams, taken in l^tb these ways, with an 
example, will be found in the next lecture. 


*See Proc. Inst C.E, (Ireland), Nov., 1910, for Prof. Lilly’s paper on 
“A New Torsion Testing Machine.” 
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Tonloil of Rods and Wires. —The following Fig. 17 illustrates an 
vranffement of apparatus for attaching to a wall. The modulus of torsion 
in rods up to 1 inch in diameter and 2 feet long can be obtained by the aid 
of the two reading telescopes and mirrors as indicated in the next lecture. 



Fio. 17 .— Apparatus for Mbasubino thb Modulus op 
Torsion in Rods. 

As made by The Cambridge Scientific Instrument Co., Ltd. 

ITtrs Twisting and Rending.— Wires for sheathing submarine cables or 
ropes are tested, for twistahUity ^ by taking a specimen from each end of 
each bundle, and fixing one end of the specimen in the rigid clamp of a hand 
twisting machine, whilst the other end is gripped by the chuck of the 
turning handle. The distance between the fixed clamp and the inner end 
of the chuck may be about 10 inches. A straight black ink line is drawn 
along the upper surface of the test-piece, andf the handle is turned round 
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slowly until the specimen breaks. The broken parts are brought together 
and the number of complete spirals or pitch-screw ink thread lines are 
counted along a lensth of, say, 6 inches, in order to see whether the 
^eoimen has complied with the torsion test^ as specified in the agreement. 
The following table shows two of the mechanical tests applied to what is 
known as **Be8t Best Annealed Galvanised Iron Wire’’ for the sheathing 
of certain submarine cables : — 

Table of Sizes, Twisting and Bending Tksts. for the Iron 
Sheathing Wires of Submarine Cables. 


Weight of Each 
Wire Bundle. 

Diameter of 

Wire. 

No. of Twist 
in 6 Inches. 

■ 

Bending and Unbend- 
inground a Spindle. 

162 lbs. 

0*143 inch. 

13 

0*572 inch. 

200 lbs. 

0*180 inch. 

10 

0*720 inch. 

280 lbs. 

0*230 inch. 

6 

0*920 inch. 

290 lbs. 

0*238 inch. 

1 

5 

1 

0*952 inch. 


10. Hardness, Temper and Brittleness.*— It is well known, that 
the physical properties of ductile metals are considerabl}' altered b}’ dif- 
ferent kinds of treatment. For example, cold rolling, cold hammering, 
wire drawing, or stretching will convert a comparatively soft and tough 
material into a harder and more brittle one. In the case of steel, the 
physical properties may be altered to a still greater extent by differences 
in thermal and chemical treatment. The differences in the mechanical 
properties of steel and other metals are of the greatest practical importance 
to engineers and metal workers. Under certain cii cumst/inces the hardening 
of a material by special treatment is very useful, such as in the tempering of 
tool steel. But, in other cases, a material may be quite trustworthy whilst 
in its normal state and be rendered useless by hardening. Consequently, 
to get rid of what may be termed ** artificially or accidentally induced 
hardness,” processes oi annealing are applied after certain mechanical 
operations. 

The ordinary processes of testing by which the tenacity and elongation 
of a material are measured, indicate indirectly the condition of the speci- 
men, but are open to misinterpretation. For example, a simple tension 
test of a rail or axle does not clearlj^ discriminate whether the material 
is properly annealed or not, and, in such cases, a more direct and sensitive 
test for hardness is required. 


• * Students are referred to the Treatise on Hardening. Tempering, 

Annealing, and Forging of Steel,” by Joseph V. Woodworth, and publish^ 
^ Arch. Constable & Co. , Limited, 1903 ; and to the Final Report by Sii 
B*. A. Abel, Proc. Inst. M.E,^ 1885, on “Steel Hardening,” Ac. 
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Definition of fTardness , — Hardness is a property of materials about the 
definition of which physicists are not agreed. Moreover, they have not 
specially approved of any one method for accurately measuring or of com- 
paring harness. Excluding very brittle materials, which crush to powder 
under pressure, and confining ourselves specially to the metals which are 
used in engineering constructions, hardness may be defined as resistance to 
permanent or plastic deformation. Consequently, the resistance to indenta- 
tion by a very hard tool has been taken as a measure of hardness by some 
experimenters. 

Steel containing more than the semi-saturation proportion of carbon 
(*45 per cent.), when heated to a bright redness and then suddenly cooled, 
is found to acquire a different kind of hardness from that which is produced 
^ overstraining ; for it becomes more brittle and more elastic than before, 
itr instance, if a piece of high-carbon tool steel be heated to a white heat 
and then plunged into a bath of ice-cold water or mercury, it becomes 
hard enough to scratch glass like a diamond, and will be very elastic. It 
is, however, so brittle, that the steel can only be used for such a special 
purpose as, say, the drilling of tempered steel or chilled iron. Steel 
treated in this way is called “ glass-hard,” and entirely loses its plastic 
character. When this kind of steel is tested for tension it snaps suddenly 
under mere elastic extension, without any appreciable diminution of its 
cross-section, and it has but a comparatively small tensile resistance. 
However, glass-hard steel may be deprived of its brittleness, its strength 
increased, and the range of its elastic strain greatly increased by reheating 
it up to a lower temperature and then allowing it to cool slowly. This 

S rocess is called withdrawing the temper,” and its success or failure 
epends chiefly on the degree to which the temperature of the steel is 
thereby raised before slow cooling begins. The different grades of temper 
which are produced in this way are usually estimatea by the colour 
which appears on the sandstone polished surface of the steel during 
its reheating. The changes of colour are due to the formation of a varying 
film of oxide. For example, if the glass-hard metal be reheated to, say, a 
temperature between 400^ F. and 42S® F. a light straw-colour appears on 
its surface. This colour shows that the steel has reached a temper suitable 
for the points of keen edges in hard cutting tools. Again, raise the 
heat and hue to, s^, a violet-yellow at 500'* F., when a temper fit for 
table knives, where flexibility as well as incisive cutting is re(^uired rather 
than a hard, stiff edge. A temperature of about 550” F. will produce a 
purple-blue surface and a temper suitable for springs and all articles where 
the elasticity should be very perfect throughout a wide range of loads. 
At a temperature of 725'' F. the steel passes to a red heat, at which, some 
kinds of new fast-speed tool steels do the most extraordinary amount of 
work at a hitherto unsurpassed speed. * 

The term under-tempering is applied to any process which tends to 
reduce the hardness of steel to a degree recognisable by the ** colour test,” 
and also to all processes by whicm the degree of hardness is lowered, 
modified, distempered, or lessened in brittleness. Any process which 
does not reduce the hardness of steel to a degree denotea by some colour 
within the range of the recognised “colour test” may be termed hardening. 
The general adoption of a thermometer best as a guide for tempering steels 
would remove the valid objection to the very old colour test — viz., that 


* See 6th and later editions of the author’s Manual of Applied Mechanics 

for the treatment and capabilities of this new tool steel. 
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the colour obtained on the piece of steel through heating it is no true 
indication that it possesses a temper above its natural degree of hardness ; 
because steel, wrought iron, and cast iron will assume all the colours of 
the ** colour test** when polished and heated to the necessary temperature. 
ThiM, the colour which appears on the surface of a piece of steel is simply 
an indication that it has been heated to a certain temperature and not 
that it has been actually tempered, or, in fact, that the heating has in any 
way changed its hardness or its softness 1 

Workshop Test, — A mechanic tests hardness by using a file, and the 
earliest scientific scale of hardness was that proposed by Moh. He 
selected ten substances and arranged them in order, so that each would be 
scratched by the substance next ai^ve it, and would scratch that substance 
next below it. This simple “scratch test” has been found very useful in 
the case of brittle bodies ; but it is less useful for ductile bodies. 

Turner's Scratch Test.*— Mr. Thomas Turner has introduced a more 
definite and exact'scratch test of hardness. A diamond point is balanced 
at the end of a lever and loaded till it just definitely scratches the surface. 
The load necessary to produce a scratch is taken as the measure of hard- 
ness or hardness number. This method requires considerable skill, and it 
does not seem sensitive enough to discriminate the quality of ductile 
metals, such as iron and mild steel. 

Calvert and Johrmov^H Test. — Some experimenters have used an abrasion 
test in determining the hardness of a metal, but this method is again 
difiOicult and laborious, and appears to be best adapted for brittle sub- 
stances, such as stones. Consequently, the only method which has been 
much used in practice is an indentation test. Messrs. Calvert and Johnson 
took, as their measure of the hardness of alloys, the weight which caused 
a small truncated cone to indent the alloy to a depth of 3} millimetres in 
half an hour. Whilst, in some tests periormed in the United States, the 
volume of indentation produced by a pyramidal point loaded with a weight 
of 10,000 lbs. was taken as a measure 
of ban Iness. An indentation of \ cubic 
inch was taken as unit hardness, and 
half that indentation was called 
hardness number 2’0.+ This is a 
much more definite and scientific 
method of determining hardness in 
materials which are ductile or plastic. 


^am (Fig. 18). It consists of a loosely- 
fitted plunger sliding down vertically test-piece. 

in a cast-iron guide -block, and — Prof. Unwin*s Test 

pressing an excessively - hard ^ or for Hardness. 

** indenting tool*’ placed upon the test- 


• See Philosophical MagazinSy 4th Series, vol. xvii., p. 114. 
t See Pepcyrts on Metals for Cannouy 1856, Ordnance Department, U.S.A. 

tSee Proc. Inst. C.E.y vol. cxxix., p. 336, for paper on “A New 
Indentation Test for Determining the Hardness of Metals,** by Prot 
Unwin, F.R.S.. ko. 


Unwin’s Test.t — The apparatus 
devised and used by Prof. Unwin, 
F.R.S., is indicated oy the line dia- 
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pieoe.* The whole apparatus is placed under an ordinary testing machine* 
whereby loads are applied* and the indentation corresponding to each 
increase of load is noted. Each load is allowed to rest on the specimen for 
a few minutes* until the indentation ceases to increase. In no case must 
the specimen be stretched during the experiment. 

CompaFison between Prof. tJnwin’s Indentation Method and 
Turner’s Scratch Method of Determining Hardness.— The fol- 
lowing table contains the hardness numbers for the same specimens* as 
determined by the indentation method and by the scratch method. In order 
that they may be easily compared* the relative hardnesses have been 
calculated by taking copper as unity. It will be seen* that the relative 
hardness follows the same order by whichever method it is determined. 
But, the scale of hardness with the indentation method is an opener scale 
than that with the scratch method. Further* the indentation method is 
found to be easier, more definite, and requires less skill. Of course, for 
brittle substances the scratch method is more suitable. 

Hardness of Metals by Indentation and Scratch Methods. 


Materislf. 

Etfdness Number. 

Relative Hardness. 
Copper = 1. 

Indentation 

Method. 

Scratch 

Method. 

Indentation 

Method. 

Scratch 

Method. 

Cast steel (normal). 

554 0 

25 0 

8-94 

4-17 

Brass (No. 1), 

221-0 

12-0 

3-57 

2-00 

Mild steel (normal), 

14.3-0 

9-0 

2.32 

1-50 

Copper (annealed), 

! 62-0 

6-0 

TOO 

1-00 

Aluminium (squirt). 

, 41-8 

4-0 

•67 

•66 


Brinell Hardness Test. — In this machine a hardened abed ball 
is pressed with a pre determined force against tlie plate of which 
hardness is required. The diameter of the resulting curved 
depression is then found, and frc^in this the “ hardness number ” 

P = load. 

diameter of ball. 
d = diameter of depression. 

* “The indenting tool is simply a short bar of square tool steel, ground 
accurately* so that the angles are right angles and as hard as possible. 
Any one of the edges may be used as an indenting edge, and the tool is 
easily re-ground. The test-piece is a square bar of the metal to be tested 
usually I inch square and about inches long. A scale and vernier are 
attached to the guide-block for measuring the indentations.’* 


is obtained by the formula : — 
P 


H 


w T) 

-2-(D - ^/D2- #) 
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The following table gives values : — 


Brinell’s Hardness Numbers fob Load 3,000 Ko.). 
Diameter of Steel Ball = 10 mm. 


Diameter 

of 

Ball Im- 
pression 

Hard- 

ness 

Number 

Diameter 

of 

Ball Im- 
pression 

Hard- 

ness 

Number 

Diameter 

of 

Ball Im- 
pression 

Hard- 1 
ness 
Number 

Diameter 

of 

Ball Im- 
pression 

Hard- 1 
ness 
Number 

mm. 

20 

946 

mm. 

3*25 

351 

mm. 

4*50 

179 

mm. 

5*75 

105 

2-06 

898 

3-30 

340 

4*55 

174 

5*80 

103 

2-10 

867 

3*35 

332 

4*60 

170 

6*85 

101 

2 15 

817 

3*40 

321 

4*65 

166 

5*90 

99 

2-20 

782 

3*45 

311 

4*70 

163 

5*95 

97 

2-25 

744 

3*50 

302 

4*75 

159 

6*0 

96 

2*30 

713 

3-56 

293 

4*80 

156 

6*05 

94 

2*35 

683 

3*60 

286 

4*85 

153 

6*10 

92 

2*40 

652 

3*65 

277 

4*90 

149 

615 

90 

2*45 

627 

3*70 

269 

4*95 

146 

6*20 

89 

2*50 

600 

3*75 

262 

6*0 

143 

6*25 

87 

2*55 

578 

3*80 

255 

5*05 

140 

6*30 

86 

2-60 

555 

3*86 

248 

5*10 

137 

6 -.35 

84 

2*66 

532 

3*90 

241 

515 

134 

6*40 

82 

2-70 

512 

3*95 

235 

5*20 

131 

6*45 

81 

2 76 

495 

4*0 

228 

5*25 

128 

6*50 

80 

2*80 

477 

4*05 

223 

6*30 

126 

6*55 

79 

2*85 

460 

4*10 

217 

5*35 

124 

6-60 

77 

2-90 

444 

4*15 

212 

5*40 

121 

6*65 

76 

2*95 ’ 

430 

4*20 

207 

5*45 

118 

6*70 

74 

30 

418 

4*25 

202 

5*50 

. 116 

6*75 

73 

3 05 

40*2 

4*30 

196 

5*55 

114 

1 6*80 

71*6 

310 

387 

4.35 

192 

5*60 

112 

6*85 

70 

3*16 

375 

4*40 

187 

5*65 

109 

■ 6*90 

69 

3*20 

364 

4*45 

183 

6*70 

107 

6*95 

68 


For other test loads, the hardness numbers are proportional 
to those in the table. 


Within certain limits the Brinell Hardness Number of a steel 
is roughly proportional to its tensile strength. 

For the most recent information upon hardness of metals, see 
the report of the Special Committee of the Institution of 
Mechanical Engineers {Proc. Inst M,E,^ 1917). 
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Caledonian Railway Company's (1908) Speeifleation for 
Steel Rails, 90 lbs. per yard Section.* 


1. Weight of Bail . — The weight of the rail shall be 90 Ibs^ per lineal 
fard. 

2. Chemical Composition . — The steel for the rails shall be of the best 
quality made by the Bessemer, Siemens-Martin, or other process, to be 
approved by the company’s engineer. 

The rails shall show on analysis that in chemical composition they conform 
to the following limits : — 


Carbon, . 
Manganese, 
Silicon, . 
Phosphorus, 
Sulphur, 


From 0*35 to 0*50 per cent. 

,, 0*70 ,, 1p*0 ,, 

Not to exceed 0*1 ,, 

>t »» 0*075 ,, 

,, ,, 0*08 ,, 


3. Chemical Analysis. —The manufacturer shall make and furnish carbon 
determinations of each cast to the representative of the company. 

A complete chemical analysis, representing the average of the other 
elements contained in the steel, shall be similarly given for each rolling. 
Such complete analysis shall be made from drillings taken from the rail, 
or tensile test piece or pieces. When the rolling exceeds 200 tons, an 
additional complete analysis shall be made for each 200 tons, or part 
thereof. ^ 

Should the company desire to make independent chemical determinations! 
the necessary specimens and samples shall be furnished by the manu- 
facturer. For this purpose not more than two rails in every hundred tons 
manufactured shall be selected by the company’s engineer, and drillings 
taken from the head of the rail, unless otherwise speoihed by him. If, upon 
being subjected to the specified tests, either sample fails to comply there- 
with, then all the rails in the blow, of which the test pieces form a part, 
may be rejected ; and the representative may take similar samples from 
other two rails out of the same 100 tons, and, should either fail to comply 
with the specified analysis^ the whole 100 tons may be rejected. 

In case of difference between the company and the manufacturer as to 
the accuracy of an analysis, either party shall- have the right to have 
samples of the steel analysed by an independent metallurgist, to be mutu- 
ally aneed upon. The expenses attendant upon such independent analysis 
shall be borne by the party adjudged to be in the wrong. 

4. Manufacture . — Each rail shall be made from an ingot not less than 
12 inches square at the smaller and 14 inches square at the larger end. The 
ingot must be cogged down into blooms, and sufficient crop then sheared 
from each end to ensure soundness. 

5. Permissible Variation in Weight . — A rolling margin of J per cent, 
under to } per cent, above the specified weight will be permitted, but 
the contract weight only will be paid for. 

6. Teimplales . — Before the general manufacture of the rails is commenced 
the company will supply the manufacturer with a set of templates, internal 


* I am indebted to D. A. Matheson, Esq., M.lnst.C.K., General Manager 

of the Caledonian Railway Company, for permission to print this Speci- 
fication. It is drawn out on the same lines as the ** British Standard 
Specification for Bulb and Head Steel Rails.” See Note on p. 76 of this 
Vol. II. -A. J. 
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and external, and the manufacturer shall then make a set of templates 
which shall be submitted for the approval of the com^ny's engineer. Each 
template shall have neatly engraved upon it “C. R. 90 lbs. per yard,” 
the manufacturer’s name and address, and the date of the contract. 

7. Rails to he free from Defects. — The whole of the rails shall be of 
uniform section throughout, with the ends cut true and square, true to 
template, perfectly sound and straight, and free from splits, cracks, burrs, 
and defects of every kind. All straightening shall be done by pressure 
and not by hammering. 

8. Length of Rails for Straight Line. — 1'he rails shall be 48 feet in 
length at a temperature of 60'" Fahr., but a quantity of short lengths 
will be taken in such lengths and quantities as may be ordered by the 
Company, provided that these short lengths are cut down from longer 
lengths found to be defective at the ends only, and that the total quantity 
taken does not exceed 7i per cent, of the contract. 

9. Permissible Va/riation in Length. — No rail will be accepted which is 

more than three-sixteenths of an inch above or below the length 

specified, whether for straight or curved line. 

10. Rails of Special Length for Matching in Curved Line. — When re- 
quired by the company, rails are to be supplied 4} inches shorter than the 
normal length to match in curves, and these special lengths are to be 
distinctly painted in white paint for a length of about one foot at each end. 

11. Rails tor Switches and Crossings. — Rails are to be supplied for 
switches and crossings when so ordered, and such rails are to be in lengths 
of 12 feet, 15 feet, 18 feet, 21 feet, or 24 feet, cut from sound long rails, and 
drilled at one end for fish plate bolts. 

12. Branding. — The company’s initials “C. R.,” the manufacturer’s 
name, and the month and year of manufacture shall be rolled in letters 
three-quarters of an inch (f") in size on one side of the web of each rail ; 
and the number of the oast or blow from which it has been rolled shall be 
stamped on the end of each rail in half-inch (}’’) block figures. 

13. Impact Test. — The company’s engineer shall select one rail from each 
oast from which a length of 5 feet will be cut for testing under the falling 
weight. Each 5 feet length of rail selected for testing shall be placed 
hormontally, with the bull head upwards, upon two iron or steel supports 
having a solid foundation, and placed so that their centres shall be 3 feet 

6 inches apart, the rail bearing of such supports being rounded to a radius 
of 3 inches. It shall then he subjected to two blows from a falling iron 
weight of 2,240 lbs., the radius of the underside of which is to be 5 inches. 
These blows must be sustained without fracture, and the deflection should 
not exceed from ^ inch to IJ inches after the first blow due to a fall of 

7 feet, or from 3 inches to 4} inches after the second blow due ta a fall of 
20 feet. 

Should the length cut from the selected rail fail to comply with the 
specified test, two other rails from the same cast will be selected and 
similar lengths out and tested. The acceptance or rejection of the cast 
will be decided by the result of the three tests, so that, if two of the rails 
selected fail to comply with the test, the entire oast will be rejected. 

14. Tensile T’mL— From each 100 tons of rails the manufacturer shall 
out a test piece from any rail selected as a sample rail, such test piece to 
be stamped to correspond with the sample rail. It shall then be placed 
in a testing machine of approved pattern, and shall show an ultimate 
tensile strength equivalent to not less than 40 tons per square inch nor 
more than 48 tons per square inch, with an elongation of not less than 
15 per cent, upon the British Standard tensile test pieces C or D. Should 
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the test piece fail to fulfil these conditions, the company’s engineer may 
require the manufacturer to test another rail from the same oast in a similar 
manner, and if the second rail fails to comply with the specified require- 
ments, the whole of the rails rolled from that oast may be rejected ; and 
the company’s engineer may take similar samples from a further two rails 
out of the same ](^ tons, and should either fail to comply with the specified 
tensile strength and elongation, then the whole 100 tons may be rejected. 

Should the company desire to have independent tests made, the manu- 
facturer shall provide the necessary test pieces, viz. , two for every 200 tons, 
properly shaped and prepared as described for the British Standard Tensile 
Test. 

J5. Holes in Bails.— The holes for fishbolts must be drilled through the 
web from the solid at each end of the rails, of the sizes and in the position 
shown on a drawing to be supplied by the company. These holes must be 
clean and square with the web, without burrs on either side, and will be 
checked with the gauges to be furnished to the manufacturer by the 
company. Should any of the holes vary from the correct size or position 
more than one thirty-second of an inch (^V) f^he rails in question will be 
liable to rejection. 

16. Notice of Bolling to he given. — The manufacturer shall give to the 
company’s engineer at least seven clear days' written notice before com- 
mencing to roll the first lot of rails, and at least three clear days’ written 
notice before commencing to roll any subsequent lot of rails, in order that 
arrangements may be made for the presence of the engineer or his repre- 
sentative at the rolling, 

17. Inspection and Tenting. — The company’s engineer shall be at liberty 
to examine the rails during any state of their manufacture, and shall have 
access at all reasonable times to the works where they are to be manu- 
factured. Every facility is to be given, and all labour, materials, and 
appliances are to be provided free of charge by the manufacturer for the 
inspection and such testing of the rails as takes place at the works. 

Before the rails are submitted to the company’s engineer for inspection 
the manufacturer must have them ei^amined, and all rails which he admits 
to be defective are to be sorted out and placed in a separate stack ; the 
company’s engineer being empowered to refuse to inspect any lot of rails 
not put in. uniform lengths and sorted. 

18. Marking of Accepted i?az7«.— All rails accepted by the representa- 
tive oi the company’s engineer shall be stamped in his presence. 
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Legtubb VI. —Questions. 

1. Explain why designers of torpedo boats aim at giving the hulls of 
these very fast siiort vessels as uniform elasticity as possible throughout 
their length, in addition to a maximum of strength with a minimum of 
weight. State how they accomplished this object. 

2. State your views concisely re shearing veratta planing and punching 
versus boring of low-grade and of high-class plates for engineering struc- 
tures. Show, by sketches, &c., how the ultimate cost of boring such 
plates may be minimised. Also, how both shearing and punching affect 
the condition of mild and the harder kinds of steel pmtes. 

3. What objections can you offer to the punching and subsequent drifting 
of holes in boiler and other steel plates which have to be riveted together ? 

4. Why is it of importance to have reliable results on the ** fatigue of 
metals ” which are used in certain machines and structures ? 

5. Mention a few of the chief experimenters upon the fatigue of metals 
with dates, and give, in concise general terms, the results of their work. 

6. Explain as concisely as you can, the methods adopted by Wohler and 
the deductions derived from nis experiments. 

7 Give Gerber’s formula as based on Wohler’s experiments, and explain 
the same in detail. 

8. Explain in your own words Bauschinger’s deductions on the '^elastic 
limits” of materials. 

9. How is heating produced in a metal when it is subjected to severe 
stresses ? How do rest, re-heating, and annealing relieve the strains of a 
stressed metal bar. 

10. Explain concisely Prof. Ewing’s conclusions re the inter-molecular 
crystalline action of metals subjected to severe stresses and fatigue. 

11. Explain, by aid of a sketch, the action of the machine, as suggested 
by Prof. Reynolds, which was designed and used by Dr. J. H. Smith in 
carrying out a series of experiments on the tensile and compressive recipro- 
cating reversal stresses on round, short test-specimens of iron and steel. 

12. Explain how the formula is derived and applied to the machine 
and test- pieces of the former question, by using the data for the second 
example in the text on unanneaied mild steel. 

13. Explain, by aid of line diagram figures, how Messrs. Seaton and 
Jude’s impact tests for notched and unnotched Ws are carried out. State 
the necessity for and the advantages of this test for certain materials, as 
used in certain machines and structures. State why ordinary tensile, 
compressive, and other tests do not give the same direct useful information 
which impact tests afford for such cases. 

14. Explain, by aid of simple sketches, a form of torsion testing machine 
for round bars. 

15. How are samples of wire for ropes and for the sheathing of sub- 
marine cables tested? Give a sketch of the machine you would propose 
to carry out such tests, and what would happen if the contractor’s man 
drew a straight ink -line along the upper and the lower surfaces of the wire 
when it was tested ? If you were not present during the test, how would 
you detect the mistake ? 

16. How would you test plates or bars of steel for hardness, and ho^ 
would you register your results ? 

17. How would you test a metal for brittleness ? What results would 
you expect in the case of a very brittle specimen ? 
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THE MEASUREMENT OF STRAIN. 


Co*'! TESTS. — Autographic Apparatus for Recording ;S tress 'Strain Diagrams 
— Prof. Hele Shaw’s Apparatus for Automatically Drawing Stress- 
Strain Diagrams — Prof. Kennedy’s and H. G. Ashcroft’s Instrument 
for obtaining Stress-Strain Diagrams —Automatically Drawn Stress- 
Strain Diagrams, giving the Elastic, Working, and Ultiniate Strengths 
of a Material— Ematic-Strain Diagrams — Plasticity — How to obtain a 
Measure of the Work done per Cubic Inch W aid of the Autographic 
Diagram, when subjecting a Test-Piece to a Tensile Stress — Influence 
of Time on Stress and Strain as shown hy the DiaCTam —Torsion 
Tests — To find the Work Done per Cubic Inch by aid of an Auto- 
graphic Diagram when Subjecting a Test- Piece to a Torsion Test 
— Searle’s Apparatus for Measuring the Extension of a Wire and 
of Determining Young’s Modulus of Elasticity — Prof, Ewing’s Exten- 
•ometer for Measuring the Elastic Extension, and Young’s Modulus 
of Elasticity of Specimens of Metal under Tensile Tests — Testing 
Machine with Extensometer attached for Measuring the Elastic 
Extension of Rods— Measurement of Young’s Modulus in Wires — 
Measuring Young’s Modulus by Bauschinger’s Extensometer — Exten- 
someter applied to Measure the Elastic Compression of Short Blocks — 
Apparatus for Determining the Deflection of Beams and Cantilevers — 
Measurement of Young’s Modulus of Elasticity by Deflection of Beams 
and Cantilevers— Measurement of the Modulus of Rigidity by the 
Torsion of Wires— Measurement of the Modulus of Rigidity by Tor- 
sional Oscillations— Questions. 

Autogpaphie Apparatus for Recording Stress -Strain Dia- 
grams. — In laboratoiy testing, the relation of extension beyond the 
elastic limit to the load throughout the test, may easily be observed by 
appl 3 ring a pair of beam compasses to two punch-marked points on the 
test-piece from time to time as the test proceeds, and transferring the 
distance to a scale upon squared paper. The original distance between 
Ihe two Mints is usually from 8 to 10 inches. Or, Prof. Kennedy’s 
meohanicai extensometer may be used, as seen from Fig. 19. When 
testing is to be done quickly, and, since a knowledge of this relation is 
wanted afterwards, some form of autographic recording apparatus is found 
to be very convenient. 
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In most of the arrangements which are used in practice, the diagram is 
drawn by the relative movement of a pencil and a sheet of paper wound on 
a drum, in the same way that indicator cards are taken from the cylinders 
of steam engines. The one component of the motion is proportional to the 
extension, and the other component to the travel of the weight by which 
the load is measured. 



Fio. 19 . — Prof. Kennedy's Mbohanioal Extbnsombter. " 

in the single - lever vertical testing machine, as shown by Fig. 6 , a 
meohanical autographic recorder is attached. 



Fio. 20 .— Prof. Unwin’s Automatic Test- Recording Apparatus. 


* Figs. 19 to 26 and 33 are from Prof. Kennedy’s paper on * ** Engineering 

Laboratories,” by his kind permission and by the favour of The Institution 
of Civil Engineers. See Proc. In^l. voL Luxviii. 
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In the ikbove Fig. 20 Prof. Unwin’s recorder is shown supporting the 
paper drum horizontally oji the main column. The paper drum is driven 
round synchronously with the rotation of the screw which moves the 
travelling poise-weight along the weight-beam. The extension of the 
test-piece is taken by having two clips hrmly secured to the test-piece at 
points, say, 8 inches apart, by a fine wire or in extensible cord attached 
to the upper clip and passing under a pulley on the lower clip, then over 
a pair of pulleys parallel to the paper drum. The pencil is attached to 
the wire between the last pair of pulleys and traces on the paper of the 
drum the stress-strain diagram, as clearly indicated by the figure. 



Fio. 21. — Wickstekd’s Automatic Test- Recording Apparatus. 


In the hydrographic recorder, as shown by the accompanying Fig. 21, 
and which can only be used with machines having a hydraulic pressure ram, 
the drum is pulled round by a wire from the test- piece, through distances 
proportional to the extension, and the pencil takes its motion, not from 
the travelling poise- weight, but from the piston of an auxiliary hydraulic 
cylinder in free communication with the hydraulic cylinder of the machine. 
This piston compresses a spring in its advance, consequently its displace- 
ment measures the force with which it is pressed out. The friction of the 
piston is eliminated by keeping it in continuous rotation, and this is found 
to make it indicate correctly, the pressure in the main hydraulic cylinder 
acting on the specimen. The net load on the test-piece does not bear a 
definite relation to the pressure in the main cylinder owing to the friction 
of the ram. A uniform scale can, however, be found, because the friction of 
the ram is proportional to the pressure, and the values can be interpreted 
by oooasional reference to the weigh- beam. 

Hence, we get a record of the point of first permanent set and extension 
At maximum Toad, while a stress-strain diagram is automatically drawn, 
showing the behaviour of the test-piece in yielding to the stresses imposed 
upon it from the stai’t to the finish of the test. 
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Prof. Hole Shaw’s Apparatus for Automatically Drawmg 
StrOSS-Strain Dlagrrams. — 'Hie essential principles of this apparatus 
are identical with those of Mr. Aspinall and Professor Unwin. A front 
and a side elevation are given in Fig. 22, whereby its action will be 
e^ily understood. The front elevation shows a portion of a Wicksteed 
single-lever testing machine, to which Prof. Shaw’s apparatus is attached. 



Flo. -Prop. Hele Shaw’s Apparatus kob Automatically Drawing 
THX Stress-Strain Diagram of a Test- Piece. 


It consists of a cord fixed at the two points y and J to the jockey 
weiffht B. This otherwise endless cord passes round a pulley at one end of 
the lever D, then round a pulley p, and finally (by means of another pulley 
s, on the axis of which is a worm) it turns the barrel b with the paper on 
which the diagram is to be drawn. The cord then passes away to the 
other end of the lever and is led back to the other point of attachment. 
Thus, inasmuch as the position of the weight on the mver gives the exact 
measure of the force on the specimen by means of a scale v, the distance 
turned through by the barrel b is directly proportional to the stress on the 
test-pieM t. The strain is recorded in the usual way, for one end of a 
wire tp is attached to one of the points on the test-piece, passes over the 
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pulley c, and finally to a small pulley on the same spindle as the larger 
pulley Another wire passes “over the larger pullej^ m and carries the 
reooimng pencil k, whilst the tension on the wire is maintained by a 
suspended weight shown above h Consequently, we have two motions at 
right angles to each other : — (1) The motion of the barrel about its axis, 
which gives a measure of the stress, and (2) the motion of the pencil up 
and down, which gives the measure of the strain. It might at first be 
thought that the possible stretching of the cord would lead to an incorrect 
result, but no one will think so when reminded, that the cord travels 
15 feet for a 6-inch travel of the barrel, and therefore any possible error 
from this cause is reduced 30 times by this means. The side view of 
Fig. 22 shows the barrel b in position, and how the jockey-weight B clears 
the apparatus. 

Prof. Kenner’s and H. 0. Ashcroft’s Instrument for obtaining 
Stress-Strain Diagrams. — Principle of the Instrument.— \i will be seen 
from Fig. 23, that the test-piece a is placed in the machine in aeriee with a 
stronger bar 6, called a * * spring-piece. ” The two bars are connected directly 
by a simple coupling, ana are pulled simultaneously, the one through the 
other. The spring-piece is of a material such that its limit of elasticity 
occurs only at a load greater than that which will break the test-piece. 
It must also be of a perfectly elastic material, as ascertained by previous 
exj^riment, so that its extension is strictly proportional to the pull on it, 
and therefore to the pull on the test-piece. A very light pointer e is made 
to swing about an axis through an angle proportional to the extension of 
the spring-piece, and to the pull on the test-piece. The end of this 
pointer always touches a sheet of smoked glass d, to which a travel in 
its own plane is given proportional to the extension of the test-piece. 



Fio. 23. — Prof. Kennedy and Ashcroft’s Instrument for obtainiko a 
Stress-Strain Diagram. 


In this way the diagram is drawn. By an arrangement of differential 
levers it is assured that the motion of the glass depends solely on the 
extension between the marked points on the test-bar, so that no amount 
of extension in the coupling, or ends of the test-piece, or in any other part 
of the apparatus, can move the glass. Also, the instrument is so arranged 
that the absolute elongation of the spring-piece does not cause any motion 
of the pointer relatively to the glass. 

Advantages and Disadvantages of the Instrument.— It cannot be said to 
be suitable for general use in works testing ; but for laboratory testing, 
where the instrument is in skilled hands, and not subject to rough usage, it 
is believed to be, on the whole, more sensitive and to give bettw diagrams 
than any of ^le other forms. It has also the advantage, that it is entirely 
independent of either the poise- weight or the ram, or even any part of the 
framing of the testing machine. Its hollow, circular, tapers aluminium, 
pointer may be made so light, that the diagram can be assumed to be free 
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from any errors due to inertia. The diagrams drawn by this instrumeut 
hSave the drawback, that their load-ordinates are arcs of circles instead of 
straight lines, and Prof. Kennedy said, in his Inst. C.E. paper on “The 
Equipment of Engineering Laboratories,” that he had not yet succeeded 
in devising a plan for getting rid of this difficulty without unduly inter- 
fering with the sensitiveness of the instrument. 



VMk 24 .— Aotohatioallt Drawn Stress-Strain Diagrams. 

By the Kennedy and Ashcroft Instrument. 

Swedish bar iron, a; Shelton bar iron, b; Swedish iron, e; Landore’rivet steel, At 
bandore ^ate, # and/; oast steel, g ; mild steel bar. K 
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Automatically Drawn Stress -Strain Diagrams, giving the 
Elastic, Working, and Ultimate Strengths of a MateriaL—lt is 

well known, that the life of most ductile materials, such as wrought iron 
and mild steel, when of uniform section, and placed in a testing machine 
with the load gradually increased, will be represented by diagrams similar 
to those indicated in Fig. 24. 

Here, O represents the very small elastic extensions which are strictly 
proportional to the stress, and therefore correspond to some constant value 
of the modulus of elasticity. Should the stress be removed from the test- 
piece at any time, during the elastic stage, the test-piece will be found to 
return to its original length. 

The stage is not always present in test-pieces. In this stage, the 
strain increases faster than the stress. If the load be removed during 
this part of the experiment it will be found, that the test-piece does not 
return to its original length, but it will have received a small amount of 
permanent set. . 

A2 is the point which is called the **break‘doitm** point ; or better stilly 
the ** yield-point,^* where the character of the material changes. 

AgB shows a remarkable feature ; for the apparent fall or ** release” of 
stress of about 2 tons which takes place after the yield-point, is accom- 
panied by a sudden rapid extension, without any increase of the load. 

Cl Gp represents the main part of the stretch of the bar, while it is in a 
conaition of uniform flow ** or of semi-plasticity. It is found from obser- 
vations, that the actual extension of the test-piece in this stage, depends 
partly on the time during which the load acts. Also, that the extmnuon 
increases with time even when the load is not increased 

^ shows the point of maximum load, usually termed the breaking load. 

ijie curve €3 D shows the decrease of stress as the bar draws down or 
flows locally. The test-piece is now ruptured at the point D, which is 
called the terminal load. 

The stage Ai As is sometimes absent or minute. A3 B Ci takes various 
forms; and CgD also takes very various forms, or may be absent alto- 
gether. But a complete test-recorder ought to be able to show all the 
stsM accurately, and where they exist. It has been said, that the stMes 
Cj D and Aq B are not of any practical importance. It is quite possible, 
t&t for works testing, both these stages may be neglected, without the 
loss of much valuable information. But, it should not be overlooked, that 
the former gives very much the same information about any material as is 
obtained by measuring its reduction of area. It seems inadmissible to 
neglect both or either of these stages in scientific experiments, not only 
for the sake of accuracy, but because there is by no means a full know- 
ledge of the practical bearing of either of these stages. In general practice, 
the yield-point is taken as the elastic limit of the material, and is the limit 
of stress in tons per square inch. 

Elastic-Strain Dfagrams. — The difficulty in the way of obtaining a 
proper diagram of the elastic part of a stress-strain diagram lies in the 
fact, that the extensions for ordinary test-pieces of 10 mches in length 
must be magnified at least 100 times, in order that the curve may be 
asefnL Professor Unwin devised for this purpose a ** semi-automatic ” 
apparatus, which, while it did not actually draw a diagram, it determined 
a number of points for the curve. Professor Kennedy improved and 
modified this diagramming apparatus, to give the desfxed curve about 
150 times its full size upon smoked glass. The spring-piece shown in 
conjunction with the test-piece in Fig. 23 is not now used, but the 
tracing pointer is placed on the test- piece and used tc measure its exten- 
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•ions. The frame is also carried by the test-piece, and the smoked glass 
is moved by the poise-weight. It requires very careful manipulation to 
ensure, that the glass starts at the instant at which the test-piece begins 
to stretch, for any inaccuracy in this matter spoils the starting-point in 
the diagram, although it leaves the rest of the curve unaffected. The 
ordinates which in this case represent extensions are curved, like those 
given in the stress-strain diagram ( b'ig. 24), and require rectification before 
the real nature of the curve can be seen. Although the apparatus is thus 
by no means in an ideal form, yet the diagrams (Fig. 25) which it gives 
are at least accurate and automatically m^awn. The diagrams give a 
record of facts which are of great interest, but which have hitherto been 
known only as the result of Tong and laborious detail measurements and 
plotting on squared paper. 



Fio. 25.— Automatically Drawn Elastio-8train Diaqrams. 

^oC««.^The8e diagrams were taken from a piece ot Blaenavon cast iron, -76 inch In 
diameter and 10 inches long. 

Curve I. was first drawn. It may be ooserved, that this test-piece shows considerable 
set after about 10,000 lbs. per square inch had been applied. It comes back finally to a 
new zero line, on removing the load, and shows a set A B uf about 1+760 inch. 

The load was at once re-applied and gave Curve 11., which finally almost runs into 
Curve I., but shows a small set BC on the removal of the load. 

Curve III. was then drawn, and it almost coincides with 11., ana finally goes back to 
the same zero line at the point D, thus showing no further set. The diagram exaggera- 
tion of the extension is 130 to 1. The small continuations of the extensions at the end 
of each experiment apparently show a '*time effect.*' 

Plasticity. — it is important not only to ascertain the breaking strength 
of the material to be used in a structure which is to be subjected to live 
loads and shocks, but also to determine its capabilities to resist deforma- 
tion without rupture. In materials such as wrought iron and mild steel 
plasticity is combined with a high tensile strength, but with cast iron and 
hard steel this property is absent. Consequently, we find it usual in 
ipecifying for wrought iron and steel to require a certain percentage of 
elongation and contraction of area, as well as a certain breaking stress 
of so many tons per square inch. The plasticity of a material is measured 
by its final elongation and contraction of area. As previously stated, the 
elongation is taken on a length of 8 to 10 inches of the test-piece. 
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To Obtain a Measure of the Work Done per Cubic Inch by 
aid of the Autographic Diagram, when subjecting a Test-Piece 
to a Tensile Stress. — Remei^ering that work done is the produot of 
the force into the linear distance through which it acts, and that the 
ordinates on the stress-strain diagram represent to scale the loads in tons 
while the extensions are measur^ as abscisssB ; then the whole area of 
the stress-strain diagram represents, to some scale, the work done upon 
the test-piece in fracturing it. Thus, if x inches on the vertical » 1 ton, 
and y inches on the horizontal ^ 1 inch of extension of the test-piece, 
we get — 


Work done in inch-tons 


area of stress-strain diagram in square inches 
xy 


The area of the diagram can be found by means of Simpson’s rule or by 
a planimeter, and if we divide the work done in inch-tons by the volume 
of the test-piece in cubic inches, we obtain the work done per cubic inch. 


Work done per cubic inch 


work do ne in inch- tons 

volume of test-piece in cubic inches 


In order to compare results for the work done per cubic inch in 
breaking a bar of any material, the test-pieces should be similar, because 
the ultimate elongation depends on the original length, and to some 
extent u^n the cross-sectional area for the same material. 

Pro/. Kennedy\<i ApproximUe Method. — Prof. Kennedy has pointed out, 
that the curve during the ductile and plastic stages is a very close approxi- 
mation to a parabola. Consequently, if we assume it to be so, the work 
done in inch-tons per cubic inch upon the test-piece can be calculated 
without the aid of a diagram. 


Let /t = Elastic limit stress in tons per square in 
»» fma». — Maximum stress in tons per square inch. 

Pf L = Length of the bar between the datum poinui in inches before 
extension commences. 

,, I = Extension in inches. 


Then, the Work done in inch- tons per square 
inch of cross-section of the test-piece 


*« ft ft ft 


•*. Work done in inch-tons per cubic inch of 
the test-piece 

But the percentage ratio of extension to original 
length 


}=/.< + !(/««. -/.)t 

} = I (y. + 

} = 3 ^ (/• + 2 /«..). 

} = ' X 100 = %«. 


the Work dona in inch- tons per cubic inch 


300 ' 


.y.jB.— The best practical method of arriving at the suitability of any 
given material for withstanding shocks and blow« is by obtaining the 
work done in inch- tons per cubic inch of the teat- piece. 



MEASURING THE WORK DONS PER CUBIC INCH. 


185 


Example I. — In a tensile test of a piece of flat wrought-iron bar, the 
following results were obtained : — 

(i.) Original dimensions of cross-section 2*010 inches by 0*505 inch, 
(ii.) Final dimensions of cross-section at point of fracture 1*520 inch 
by 0*410 inch. 

(iii. ) Gross load at limit of elasticity 34,500 lbs. 

(iv.) Gross load at fracture 53,100 lbs. 

(v.) Total extension on length of 10 inches ~ 1*46 inch. 

(vi.) Extension on 10" length under a gross load of *20,000 lbs. * tAv* 

Find from the above data : — (a) The modulus of elasticity of the material ; 
(b) the limit of elasticity and tenacity per square inch ; (c) the reduction of 
area per cent. ; (d) the approximate work done per cubic inch of the 
material in fracturing the bar. Would you consider this good material? 

(I.C.E.. Oct., 1901.' 

Answer.— 

(tuition re., W.,. I, v.[. II.) 


E=: 


20.000 X 10 


200,000,000 


2*01 X *505 X TnyW 7-105 

„ „ E == 28,143,000 lbs. per square inch. 

(5) Stress at elastic limit in ) load at elastic limit _ 34,500 
lbs. per square inch / ^iginal area 1*015 

„ „ « 34,000 lbs. per square inch. 


|c? Percentage * contraction \ _ original area - final area 


of area 


) original area 

(2*01 X *505) - (1*52 X *41) 
2-01 X *505 

(1*015- -6232)100 39 *18 
1-015 1-015 


X 100 


X 100 


= 38*6 percent. 


{d) Work done per cubic \ _ work done in stretching the test-piece 


inch 




volume of the test-piece 

( mean load between starting point andl 
-j point of fracture x distance moved V 
y ^ through j 

Jf area in square inches x length of test- 1 
\ piece in inches / 


30,525 X 1*46 
10*15 


= 4,390 inch-lbs. 


(el Percentage elongation 1 _ final length - original length 
on 10 inches ^ ** 


original length 
1*46 X 100 


10 


- 14*6 per cent 
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^ InflnenM of Time on Stress and Strain, as shown by the 
Diagram. — Prof. Barr says, another advantage in wire testing is, that 
any particular condition may be varied. The wire can be tested quickly 
or slowly, and where a considerable difference in the stress-strain diagrams 
is shown, it will be known to be due to the method of testing. Besides 
that, the material may be given rests more conveniently in experiments 
on testing wires than could be done with specimens in a large machine. 
The results obtained bv varying the rate of application of the stress to the 
specimen as given by the stress-strain diagrams in Fig. 26, are exceedingly 



Fio. 28. — Stress-Strain Diagrams of a Test-Piece of Charcoal Iron 
UNDER Three Conditions of Testing (see Fig. 2, Lecture V.,Vol.IT.). 

hiteresting, because it is certain, that almost the whole of the measurable 
difference of results on the diagram is due to the different treatment, and 
not to any difference in the specimens themselves. The arrangement 
•horn in Kg. 2, is well designed for accurately obtaining the required 
variations in the rate of application of stress within a wide range. 

Torsion Tests .— Diagram taken with a Flat Disc 
Recorder.* — Fig. 27 shows in a graphic way the behaviour of an “acid 
steel” specimen, { inch in diameter and 6 inches long, subjected to a 
maximum torsion or twisting moment of 4,840 inch-lbs. The specimen 


* The originals of both of these torsion dia^ams were kindly taken by 
Memrs. Buckton & Co. and presented to the Author for this book. They 
were then reproduced to a convenient scale by his publishers. 




TOBSIOH TICST8. 


187 


WM twisted through an angle of 1,202**. The series of ooncentrio 
oiroles represent the increase of stress, while the radial divisions show the 
amount of tori^ion. A oomplete turn of the test-piece is represented by 
860* or 2ir radians. It will be seen, that the characteristic oehaviour of 
the specimen is shown to be a rapid increase of stress for minute incre- 
ments of torsion, until the elastic stress is attained. It is thereafter 
followed by a greater and greater amount of twisting compared to the 
increase of stress. Hence, in the case of tough and very ductile materials, 
there is during the last stage of the experiment a very large proportion 
of twist with very little increase of stress ; or, as illustrated by Fig. 27, 
the curve becomes almost concentric during the later st^es, instead of 
maintaining the spiral form as in the earlier stages. The arrowhead 
at the very end of the curve indicates that the specimen has broken. 



Fio. 27.— Spibal Diagram o? Torsior Test taken with Wioxstxii^s 
Flat Disc Rboobdsr. Made by Buckton A Co., Leeds. 


If the curve in Fig. 27 be developed on a flat surface we get a somewhat 
similar diagram to that shown by Fig. 28. Here the ordinates represent 
twisting moments and the absoissm angles of twist or torsion. 

Autogra/phic DicLgrom taken vrith a Drum Recorder, —Fig. 28 is a copy 
of the diagram taken by a drum recorder for a basic steel” specimen 
2 inches in diameter and 4 inches long between the collars. The maximum 
twisting moment was 103,290 inch -1m., and the angle through which the 
specimen twisted was 460% or 2*6 w. 
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To find the Work Done per Cable Inch by aid of an 
Autoffraphie Diagram, when subjeetina a Test-Piece to a 
Torsion Test. -Take the ease of Fig. 28, wiiioh repreaenta^ a atreaa- 



0 90* 180* m* 360* 450* 

Fio. 28. --Diagram of Torsion Test taken with a Drum Recordbr. 
Made by Buckton k Co. , Leeds. 


strain diagram in which the ordinates represent twisting moments and the 
abscissae angles of twist. We get — 

The verticcU scale 
for twisting 
moments 

The h^yriicfiUal scale for the angle of twist is taken as— 

1 inch = ’STw. 


> =43,500 inch-lbs. per inch. 


The area of dia- 1 
gram is ap- > 
proximately ) 

Hence, Work done 


=3*76 square inches. 

areaof diagram x 43,500 x 
* 2,240 


„ M -199*12 inch-tons. 


3*75 X 43,500 X ‘87x22 
7x2,240 


And, Work done \ _ Work done in inc h-tons _ 199*12 
per cubic inch / ^Volume of bar in cubic inches 3*14 x 4 


»15*8 inch-tons per cubic inch. 
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Searle’s Apparatus for Measurlnff the Extension of a Wire 
and for Determining Young’s Modulus of Elasticity.*— in study- 
ing the effeots of longitudinal stress upon the length of a wire some accurate 
means is reouired for measuring the elongation of the test- piece. The 
simplest method of magnifying these effects, consists in using a wire of con- 
siderable length, which for convenience is hung from a fixed support. The 
extension is produced by hanging weights to the lower end of the wire. Two 
chief sources of error must be avoided at the outset. These errors arise from 
the yielding of the support and the change in length of the wire due to a 
rise of temperature. &th errors are practically eliminated if, instead of 
finding the displacement of the lower end of the wire relative to a fixed 
mark, observation be made of the displacement of the end of the wire 
relative to the lower end of a second wire of the same material, hanging 
from the same support, stretched by a constant weight and thus serving as 
a standard of comparison. It is nere assumed, that the coefficients of 
expansion with temperature of the two wires are identical in spite of their 
differences in stress. 



Fio. 29. — Sbarlb’s Apparatus for Mbasurino the Extension and 
Determining Young’s Modulus for Wires. 

Ducripiicm of The apparatus shown by Fig. 29 furnishes 

a very sensitive means of measuring the relative displacement of the en^ 
of the wires, and in addition to its sensitiveness, it possesses the advanta^ 
of giving direct readings. The two wires Wj, W, have their upper ends 
secured to a stout piece of metal bolted to a beam. From their lower ends 
bans two cylindrical brass frames supporting the two ends of a sensitive 
level L. One end of the level is pivots to the frame at the left-hand side 


am indebted to Mr. G. F. C. Searle, M.A., Demonstrator at the 
Cavendish Laboratory, Cambridge, for kindly supplying me with a copy of 
his paper on ** Apparatus for Measuring the Efxtension of a Wire,^ see 
vol. V., part V., of the, Proc, of the Zkmbridge Phtioaophtcai Society, 
from which the above article has been compiled. 
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of Filt. 29 by pivots ; whilst the other end of the level rests upon the end 
of a vertical micrometer screw, working in a nut attached to the other 
framh at the right-hand side of the figure. The central link connecting 
the two frames prevents them from twisting, relative to each other about 
their vertical axes, but allows a free vertical relative motion. When this 
link is horizontal the two' wires are parallel to each other. From the 
lower ends of the frames hang a mass M and a pan P. The weights of M 
and P are sufficient to ensure that the wires are straight. The connections 
^tween the two wires Wj, Wj and the frames are made by the swivels S, 
into which the ends of the wires are soldered. These swivels enable the 
wires to be torsionless and thus ensure that the two wires hang in a 
vertical plane. Two other swivels S, connect M and P to the frames. 
The head of the vertical micrometer screw is divided into a number of 
equal divisions around its circumference, and a scale is engraved on the 
side of the frame at the right-hand side, which scale serves to determine 
the number of complete revolutions made by the screw. 

Metliod qf Using the Apparatus . — Suppose the screw has been adjusted, 
so that one end of the bubble of the level is at its fiducial mark. If a 
weight be placed in the pan P, the wire W, is stretched and the bubble 
moves towards the left-hand end of the level. The bubble is then brought 
back to its fiducial mark by turning the micrometer screw, so as to raise 
the right-hand end of the level resting upon it. The distance through 
which the screw is moved is clearly equal to the increase of length of the 
wire Wo, and is determined at once by the difference of the reading of 
the screw in the two positions. The level is sensitive enough to enable 
the screw to be adjdst^ to ^ of a division on its graduated he^. 

With this apparatus U is eMy to investigate the deviations from Hooke’s 
Law for copper wires. 

Prof. Ewing’s Extensometer for Measuring the Elastic Exten- 
sion and Young’s Modulus of Elasticity of Specimens of Metal 
under Tensile TestS.~Thi6 instrument can be quickly applied to any 
test-piece, and no pari of it has to he touched whilst the test is being made. 

Two clips H and C are attached to the test piece A by the points of two 
set-sorews. The clip has a projection ending in a rounded point P, 
which engages with a conical hole in G. When the bar extends, this 
rounded point serves as a fulcrum for the clip C, and hence a point Q, 
equally aistant on the other side, moves, relatively to B^, through a 
distance equal to twice the extension. This distance is measui^ by means 
of a microscope attached to Bj. The microscope forms a prolongation of 
Bx( and the motion of Q is brought into the field of view by means of a 
hannng rod R. The rod R is free to slide on a guide in B^, and carries a 
mark on which the microscope is sighted. The displacement is read by 
means of a micrometer scale in the eye-piece of the microscope. The 
pieces H and B, are jointed to one another in such a way tlmt the bar may 
twist a little, as it is sometimes liable to do during a test, without affecting 
the en^gement of P with C. This also obviates any need of absolute 
naralleusm in the axes of attachment of the two clips. But the joint 
Wween B^ and Bq forms a rigid connection so far as angular movement in 
the plane of the paper is concerned. This feature is essential to the action 
of the instrument, for it is only then that P serves as a fixed fulcrum in the 
tilting of A, by extension on the part of the specimen. 

The figure is an illustration of the i^i^l form of this instrument. The 
elips B, and C are set at 8 inches (200 n^. ) apart. 

Bach division on the microscope scale corresponds to inch of ezteo- 
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aion, 80 that, by estimation of tenths of a division, readings to inch 
be taken. 

The screw L further serves to bring the sighted mark to a convenient 
point on the micrometer scale, and also to oring the mark back if the 
strain is so large as to carry it out of the field of view. In dealing with 
elastic strains there is no need for this, as the range of the scale itself is 
sufiScient to include them, but it is useful when cmservations are being 
made on the behaviour of metals when the elastic limit is passed. 

To facilitate the application of the extensometer to any rod, a clamping 
bar is added, by which the clips B| and C are held at the right distance 
apart with the axes of their set-screws parallel, while they are being 
secured to the test-piece. Such a clamping bar is especially convenient 
when the strain has been carried beyond the elastic limit, and it is desired 
to reset immediately, the clips to the standard distance apart, after the 
length between them has materially changed by extension of the specimen. 
The clamping bar must, of course, be removed before a test begins. 



Pio. 30 — Prof. Ewing’s Extensomktbr.* 

An apparatus can also be made for marking off on the specimen the 
S-inch length to which the extensometer is applied when in use. To use 
this latter apparatus, the set-screws are turn^ back so that the test-piece 
rests in the V-grooved blocks, the upper screws are then tightened upon 
the test-piece, and the lower screws are also tightened sufficiently to make 
their points indent the bar. 

♦ I am indebted to Prof. J. A. Ewing, P.R.S., Ac., and to “The Syndics 
of The Cambridge University Press” for their kind permission to reproduce 
in this lecture the following 7 fibres : — 31, 32, 34, and 36 to 39. Those 
devised by ]h:of. Ewing are specifdly indicated with his name, and all are 
made by The Cambridge Scientific Instrument Co. , Limited, from whom 
I received the other 3 blocks for figures 17, 29, and 35. Most of these 
figures are illustrated and described in Prof. Ewing’s treatise on “The 
Strength of Materials,” as published by The Cambridge University Press. 



192 LBCTURB Til. 

Testing Machine with Extensometer Attached for Measuring 
the Elastic Extension of Rods. — Extensometers are commonly used in 
conjunction with testing machines. It is also necessary to note, that for 
many experiments on elasticity, the testing machine is not essential, 
because 80 long as elastic strains are being dealt with there is no need of 
hydraulic or other gearing to take up the stretch, and an ordinary lever 
may be all that is required for applying the load. The figure below 
illustrates a laboratory apparatus for measuring Young’s modulus in rods 
of various metals. By placing weights on the vertical rod attached to the 
right-hand end of the lever, loads up to 1 ton can be applied to the test- 
piece, which may have a diameter of ^ to § inch. An extensometer is 
attached to the test-piecA on the left-hand side of the lever, to measure 
the elongation produced^'ri it. 



Eio. 81 .~TicfiTfwo Machine with Ewino’s Extensometer attaoheo 
roR Mbaburino the Elastic Extension of Rods. 

Measurement of Young’s Modulus in Wires.— When long pieces 
of wire are available as test-pieces, then the elastic extension can be obtained 
by direct measurement bv means of a scale and vernier. The usual plan is 
to hang the two wires side by side, fastening both to the same support and 
(hen attach the scale to one wire and the vernier to the other. The advan- 
tage of using the second wire to carry the scale is, that any yielding of the 
support or any change of temperature, such as might take place during 
the test, affects both wires equidly. The wire with the scale attached to 
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it is kept taut by a load which is not varied during the test. The other 
wire is first loaded with weights until it is straight, then additional 
weights are applied to produce the elastic extension. This extension is 
measured by noting the movement of the vernier along the scale. It if 
found, that with iron or steel wires 20 feet long, the extension is nearly 
A iuoh for each ton per square inch of load. As the load may generally 



Fio. 32 .— Instrument for Measuring the Blastio Bxtbnsion 
OF Wires. 

be raised to 10 tons per square inch, and sometimes more, without passing the 
elastic limit, it will be seen, that the movement of the vernier will be si&oi* 
ent to give approximately accurate values of the modulus of the materiaL 
When short pieces of wire are only available, then some means of 
magnifying the relative displacement will be required. One very good 
plan is to clamp two little blocks to the two wires, rhese uvo uiooks 
2 
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, serve as platforms, on which is placed a small tripod carrying a mir^r. 
Two legs of the tripod are supported in a hole and a slot respectively 'on 
.one.pf the blocks, while the third leg rests on a plane horizontal surface 
on ,the other block.* If one wire is stretched it causes the mirror to tilt, 
and the amount of this tilting is measured by means of the fixed telescope 
^and scale shown at the left-hand side of the above figure. 

It will be noticed, that the two wires hang inside the vertical tubular 
stem from the clamp and butterfly nut at the top. A cross-bar is attached 
to the bottom end of one of the wires which carries a constant load, while 
the variable load is applied to the other wire. Tiie reading telescope with 
its attached scale is supported by part of the framework of the apparatus. 

It is important to note, when cfidculating the extension of" the test-piece 
from the scale readings, that the angle through which the reflected h-ay 
turns is twice the angle through which the mirror is tilted. 


Thus, if tc = The efiective width of the tripod carrying the mirror — i.e., 
the distance from its back leg to the line joining the 
two front legs. 

n = Number of divisions on the scale by which the telescope 
reading has changed when a load is applied. 
d Distance between the mirror and the scale expressed in 
scale divisions. 


Then, the small angle turned through by the ray = 


il 


And, the angle through which the mirror is tilted = — , where dMs 
the extension of the wire. ^ 

and is calculated in the same units as are used in mea8ur> 

ing the effective width to of the tripod. 


Measuring Young’s Modulus by Bauschinger’s Extensometer. 

— The small strains which take place in a tensile test of a non- 
plastic material, and those strains which occur during the early part 
of the test in any kind of material, require some form of instrument 



* This automatic adjustment was first devised by Lord Kelvin in oon- 
^ neotion with the levelling of his quadrant electrometer. > < 


CXTEN80METSR APPLIED TO IfEASURE ELASTIC COMPRESSION. ^05 

capable of indicating delicate measurements. In measuring the elastic 
modulus and in determining the true elastic limit, it is necessary to he 
able to compare the fractional parts of the stretching of the test- piece, 
which are produced by each successive increase of load. Consequently, 
in order to obtain accurate measurements of the modulus of any material, 
there is a great advantage in being able to read the measurements to, 
*®'y> P*^rt of an inch, when we consider that the whole amount of 
elastic stretching in a test-piece of, say, wrought iron is only about 
part of the length under observation. As the measurements taken between 
two marks on each side of the test-piece are so much affected by bending 
(due to inequality of the distribution of the stress), it is absolutely necessary, 
either to measure the extensions on opposite sides of the test-piece and 
take the mean, or to measure the displacements on each side of the test- 
bar by aid of two mirrors, &c., attached in such a manner as to indicate the 
strains on each side of the test- piece, as shown by the accompanying figure. 

Extensometer Applied to Measure the Elastic Compression 
of Short Blocks. --The illustration (Fig. .‘14) shows Prof. Ewing’s extenso- 
meter as adapted by him to measure the elastic compression of snort blockr 



Fio^ S4 . — Prof. Ewing’s Extensometer as Applied to Measure the 
Elastic Compression of Short Blocks. 

of any material. It will be seen, that the length of test-piece which is 
to be tested between the clips is only 1} inches. The strain of the test-piece 
is multiplied ten times by a mechanical arrangement. This resuit is 
obtained by extending the clips to the right, and making the distance 
of Q from the axis nine times that of P. The prolongations of the clips 
to the left of the figure are added, to counterpoise the weight of the 
clips and microscope, Ac., on the right-hand side, so that the force 
with which the point P presses against its bearing or socket may be 
vertical. The motion of the end Q of the lever P Q is transferred to the 
field of the microscope by means of a vertical hanging piece jointed to the 
lever at Q and carries the mark on which sights are taken. With this 
instrument no calibrating screw is reouired, whilst the object to be sighted 
by the microscope is a small piece ot glass on which two horizontal lines 
are engraved at a distance of ^ inch apart. The length of the microscope is 
arranged by adjustment to make these lines include 500 units of the eye-piece 
scale. Consequently, each unit corresponds to a displacement of the glass 
plate through irHv moh, or to an extension of the test-piece of 
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CantueveFS* — ^This instrument oonaists of two oast-iron brackets which 
can be fixed to a wall. An iron bed having two movable supports with 
knife edges in order to test the rod when placed as a beam ; mso a cast- 
iron block for fixing the end of the test-piece when being tested as a 
cantilever, and shown by the figure. The deflection or lowering of the 



Fio. 36 .— Apparatus for Determining the DuFLErnoN of Beams 

AND OaNTILBVRRS. 


middle point of the beam or the end of the cantilever may be small, so 
that this deflection is magnified by paraing a cord from the top of the 
stirrup round the little axle which carries the winter. The pointer will 
show on the dial the magnification of the deflection. The weights are 
attached by a carrier to the lower end of the stirrup. 


Measurement of Young’s Modulus of Elasticity by Deflection 
of Beams. — By noting the deflections of a loaded bar of the material, 
we have another ready method for finding Young’s modulus for the material 
of the test-piece. The bar is supported as a beam on fixed knife-edged sup- 
ports, or clamped at one end and free at the other. When the test-piece is 
mng and sufl&ciently flexible to bend easily, then the deflection is measured 
by a fixed scale behind the test-piece, with a piece of mirror fixed alongside 
we scale. Hie readings may be directl^r taken by the experimenter 
brinffins his eye to the level of the test-piece until the top edge of the 


» adjusted 1 


/ any length 
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test-piooe is measured sighting a fine, acourately-divided glass soale, 
throug'h a low reading mioroscope. This divided rIm scale is clamped to 
the middle of the test-piece, as seen from the figure. A little jockey 
mirror can be set astride the test-piece at any point for the purj^e of 
observing the angle of slope at that point. This mirror is shown at the 
right-hand support in the illustration. When the test-piece is loaded, the 
tilting of this mirror can be observed from a distance by means of another 
reading telescope and scale. It is sometimes more convenient, instead of 
loading the test-piece in the centre, to place two equal lotuls at the 
extremities, which are arranged to project by equal distances beyond the 
two supports. The great advantage of this latter method of loading is, 
that the middle portion of the test-piece is subjected to uniform bending 
and to no other kind of stress. 



Pig. 86.-->AppARATns fob Mbasubifo Young’s Modulus of Elasticity 
BY Dxfliotion of Bbams. 


Let L s The whole length of test-piece. 

„ x== Half the distance between the supports. 

L ~ 2 X _ ( The distance by which the test-piece projects beyond 
*’ 2 1 sach support. 
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Then, as was shown in Lecture 111., if a load W is applied at the 
centre of a beam, the deflection— 

WL^ W ar^ ^ 

6ET’ ** 6a;T 

Where I is the moment of inertia of the section of the rod or beam about 
a horizontal central axis. 

Again, if a load W be applied at each extremity of the test-piece, the 
upward deflection at the centre is given by the equation — 

Wa:*(L-2a?) „ Wa:‘^(L-2af) 

A, . .-. I!, ^ 

Toung^a Modulus by Deflection oj Cantilevers . — The following Fig. 37 
•hows an arrangement for observing the deflection of the test-piece when 
used as a cantilever or beam dxed ai otic end and free at the other. 



Fio. 37 .— Apparatus fob Mbasuriro Young’s Modulus of Elasticity 
BY Deflection of Cantilevers. 

Assuming the load W to be applied at the free end, and, that L denotes 
the whole length of the test-piece from the clamp to the free end, we get 
the deflection, A « W L’/3 E I. 

There is one great objection to this latter method of determining E, on 
account of the difficulty of maintaining the fixed end of the test-piece 
horizontal by means of the clamp. In this experiment, provision is made 
for observing the deflection at the various points along the test-piece, in 
order to plot the curve which a beam of uniform section will assume under 
a given load or system of loads. The slope of the cantilever may be deter- 
mined from point to point along the test-piece by means of the jockey 
mirror, as previously described for slope of beams. 






MEASUREMENT OF THE MODULUS OF BIOIDITT BY TORSION. 


Mdafiurement of the Modulus of Rigidity by the Torsion of 

Wires* ^-^The alcoompanyihg illustration shows a self contained apparatus , 
for performing experiments on the 
torsion of wires. The wire to be 
tested is suspended in the vertica] 
axis of a tubular stem. It carries 
a cylindrical weight, round which 
two cords pass and are led away 
OTer pulleys on boith sides of the 
framework to hangers. Equal 
weights are placed upon the 
hangers, and the wire is conse- 
quently twisted by a pure couple. 

The aqgle of twist is read by 
obseryipg the displacement of a 
pointer on a fixed circular scale. 

This pointer is attached to the 
upper end of the cylindrical weight. 

When a rod is twisted every part 
of it in a ^tatc of shear. 

“Let $ as Angle of twist ex- 
pressed in circular 
measure. 

' I ^ Length of wire. 

,, d Diameter of wire. 

‘ C •• Modulus of rigidity. 

. . 'r M “ Twisting moment. 

Then, within the elastic limit, we 
get from Lecture IV., p. 106— 


Oh, 


C- 


32/ TM 
‘ ird*C' 
32/TM 


rd*e 


It is found convenient, in apply- 
ing this method to measure L in 
rods of moderate diameter, to find 
$ by using two long pointers 
damped on the wire near its ends. 
Th6 distwt ends of the pointers 
pm over fixed scales. Hence, the 
difierenoe in the two scale readings 
measures the angle of twist on the 
length I of the wire between the 
pointions of the two pointers. 
Should the diameter of the wire be 
so great as to make the angle of 
twist too small to be measured ip 



Fio. 38 . — Apparatds for Measuring 
THE Modulus of Rigidity by the 
Torsion of Wires. 


• See Proe. lnst,C,E,, vol. cli., 1903, for abstract of paper on.**lroii 
and Steel under Torsional and ComUned Stresses,** by Prof. K- O. 

Coker, M.'A., D.Sc. 
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this way, then a pair of mirrors are clamped on the wire and made to fa^ 
sideways, and are used along with a reading telescope and scale for each. 
The advantage of an optics pointer over a mechanical nointer is, that 
of doubling the angle, and, further, it can readily be made longer. 

Measurement of the Modulus of Rigridity by Torsional Oseil- 
lations. — The figure shows a complete apparatus for experiments on the 
torsion of wires by means of MaxwelPs needle. It consists of a brass 
tube placed horizontally, into which there can be slipjped four other equal 
short pieces of tube, and thus fill up its whole length. Two short pieces 
are iilM with load and the other two pieces of tube are empty. By placing, 

first, the two empty short 
tubes in the interior with the 
two loaded pieces of tube to 
the outer ends of the long 
tube, and second, reversing 
this order by placing the 
loaded pieces in the centre 
and empty ones at each 
end, you can obtain tym dif* 
ferent values of the moment 
of inertia of the system. 

Let I| s Moment of inertia 
of system in the 
first arrangement 
of theshoiitubea 
^ Moment of inertia 

of system in the 
second arrange* 
ment of the short 
tubes. 

,, 9 » Half the length of 

the long tube. 

M Massof eachof the 

two short tubes 
which are fiUed 
with lead. 

,, Massof eachoftha 

empty tubes. 

ft <1, tg^^The observed 
periods of oscil- 
lation in the two 
arrangements re- 
spectively. 

Fio. 39. — Apparatus por Experiments 

ON THB Torsion of Wires by means Then the system is changed 
OF Maxwell’s Needle. by shifting two masses, e^ 

equal to oti - so that the 
distance of the centre of gravity of each mass from the axis changes from 
I M to } X. 

Hence to express the change in the moment of inertia — 

It - 1, - 2 (nil - «h) ( A A - («h - 
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But, 

Or, 


It ,(”* 1 . -”> »)< 


Also, the modulus of rigidity C can be got by the following formula 

0 ■■ (see Lecture IV. , p. 105). 

ga*t^ 

Where t is the period of time taken to make each complete oscillation ; I is 
the length and d is the diameter of rod, and g is the factor for con* 
verting the twisting moment per unit of angle, or the constant ratio of the 
twisting moment T M to the angle 6 into kinetic units. 

Consequently, we obtain, without any calculations for moment of inertia 
1, the equation for the modulus of rigidity 

p_ 128 'irf 

gd*' L ^i^-V J- 

Several other forms of extensometer, differing in detail construction 
from those already described, are now on the market. 



202 . 


LECTURE VIl. 


Lkoturb VII. — Quxstionb., 

1. Select any two of the five autographio apparatus for recording strem- 
strain diagrame which you consider to oest fulm the objects to be attaint. 
Then sketch and explain their construction, use, and application. 

2. Explain, by aid of a sketch of a complete stress-strain diagram, the 

several points of chief interest which occur in a rod of soft iron or mild 
•teel, from the time of applying the stress until the rod breaks. , 

3. Explain, by aid of a sketch, how Prof. Kennedy automatically obtained 
elastic strain diagrams. 

4. What i^ meant by Plasticity? How would you obtain a measure of , 
the work done per cubic inch by aid of an autographio diagram when 
subjecting a test-piece to a tensile stress? Explain, also, Prof. Kennedy’s 
approximate method and give the formula, with an example. 

fi. Explain the influence of time on the stress and strain of a metal as 
exhibited by a stress-strain diagram. 

6. Explain, by aid of sketches, how you would make and tak^ a tprsional 
stress-strain diamm. Draw and ei^plain torsiuli diagranis takeih by disc 
and drum recorders. 

7. Of the several methods given in this lecture for measuring the exten- 
sion of wires and of determining Young’s modulus of elasticity, select any 
one and describe it fully, by aid of sketches, with index to parts, &c. 

8. Sketch and explain Prof. Ewing’s exiensonieter for wires and rods. 

9. Explain clearly, by aid of sketches, Bauschinger*s extensometer for 
measuring Young’s modulus of elasticity. 

10. Sketch clearly and explain concisely Ewing’s extensometer for 
measuring the elastic compression of short blocks. 

11. Explain by sketches any apparatus for measuring Young’s modulus 
of elasticiW by deflection of beams and cantilevers. Work out the formulas 
for the denection and for Young’s modulus of elasticity. 

12. Sketch and explain any apparatus for measuring the modulus of 
rigidity by tiie torsion of wires. 

13. ohow how the mere torsional oscillations of a suspended weighted 
wire may be used to ascertain the modulus of rigidity. 

14. Suppose the vertical loads and supporting forces of a horizontal 
beam to oe known, show how we find (1) the shearing force at the 
section, (2) the position of the neutral line, (3) the compressive stress at 
any part of the section, (4) the curvature of the beam, (5) the new shape 
of a portion of the section originally rectangular, its sides vertical and 
horizontal. 

15. Describe carefully the behaviour of a mild-steel bar tested gradually 
in tension up to rupture, and sketch a stress-strain curve for it. The 
following data were obtained in such a test Original diameter of bar 
14 inches, final diameter at point of fracture H of inch, total load 
wnen limit of elasticity was re^hed 20*8 tons, total load at fracture 
^*7 tons, total extension at fracture (on a length of 10 inches) 2*23 inches, 
elongation (of 10-inch length) under a total load of 10 tons *005 inch. 
Deduce from these data the following : — (a) The modulus of tensile 
elasticity. (5) The reduction of area per cent, (c) The elongation at 
fracture per cent, (d) The limit of elasticity in tons per square inch, 
(e) The maximum lo^ in tons per square inch (both for original and final 
area). 
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mi 

16 . A oylindrioal steel pin is used to couple together two rods, end the 
joint is arranged in such a waj^ that the pin is subjected to double shear. 
If the total tensile force tending to pull the joint asunder is 18{ tons, 
what diameter would you make the pin ? Choose for yourself the working 
shearing stress whioh can be perCoitt^ 

17. .^swer only one of the followinj; : — (a) Describe a laboratory experi- 

ment 1^ whioh you could find E, '^un^s modulus of elasticity for 
iron wire 10 feet long and 0*06 inch diameter. How would you securO.; 
the upper end of the wire? How apply the load? And how measure 
the elongation? How would you plot your results, and how deduce the, 
value of E ? About how much elongation would you expect for a load 
of 16 lbs.? .f 

18. Answer only one of the following: — (a) Describe a laboratory expCrl^' 
ment by which you could find E, Young’s modulus of elasticity, for an iron. > 
wire, 10 feet long and 0*06 inch diameter. How would you secure the:; 
upper end of the wire? How apply the load? And how measure the 
elongation ? How would you plot your results, and how deduce the value’ ^ 
of E ? About how much elongation would you expect for a load of 15 lbs. ? 
(b) Sketch an apparatus for determining the coetiicient of sliding friction, 
between two planed surfaces of oak. H you have made this or a similar > 
experiment, describe the behaviour of the sliding piece and any troubles 
you may have had. State how you would conduct the expert: 
ment, so as to establish the principal facts concerning such friction. 

19. In a tensile test of mild steel the original section was a rectangle of 
dimensions 1*96 inches by *4 inch, and tne breaking load was 25 tons* 
The extension at fracture, in a length of 8 inches, was 2*44 inches and . 
the contracted dimensions were 1*41 inches by *27 inch. Under a load 
of 14 tons (within the elastic limit) the extension in 8 inches was 
*0107 inch. Calculate the stress at breaking point, the percentage ex- 
tension, the percentage contraction of area, and the value of Young’s 
modulus. Express ait opinion whether the specimen is a good or a bad 
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Lecture VIT.— I.O.E. Questions. 

1. Sketch neatly and describe an eztensometer suitable for the deter- 
mination of the Young’s modulus of the material of a specimen 8 inches or 
10 inches long, noting any prominent features in the design and the reason 
for their adoption. Define * * elastic limit ” and * * ^ield point. ” 

2. A square bar of isotropic material, stressed within the elastic limit, is 
loaded so that the stress intensity over each section is (1) uniform, (2) pro- 
portional to the distance from a line drawn through the centre parallel to 
one side, tension on one side and compression on the other side of the line. 
Calculate, in terms of the maximum stress and the Young’s modulus, the 

A f2 

energy stored per unit volume in both canes. Ana. (1) ^ ; (2) 

3. Exhibit, on a dia^am drawn approximately to scale, the relation 
between the stress applied and the resultant strain in mild steel (suitable 
for bridge work) and annealed copper bars about 10 diameters long. 

4 . In a tensile test of a wrought-iron bar, 0*75 inch in diameter and 10 
inches between the gauge points, the following results were obtained : — 

Extension per cent., 0*027 0*056 0*081 0*113 0*135 2*7 4*2 

Extension per cent., 6*6 10*7 23*7 

The yield point is 38,(X)0 and the specimen broke at the maximum stress, 
56,000. I^ot the stress-strain diagram. Calculate the Young’s modulus 
and find apjproximately the work done per cubic inch up to fracture. 

6. What is meant by the ** steelyard drop ” or the yield point” ? At 
what load would you expect to find it in test-pieces of — (a) wrought iron, 
(5) 27-ton steel ? Ana. (a) 13 ; (6) 15 tons per square inch. 

6. Describe briefiy the observed effects of a direct compressive load 
applied to cubes or short cylinders of the following materials : — (a) Sand- 
stone, (h) mild steel, (c) cast-iron, (d) timber placed with the grain on end. 

7. Sketch the form of the stress-strain diagram, showing the plastic 
elongation of tough mild steel as commonly observed under direct tension. 

6. Describe and illustrate some of the methods and appliances for the 
accurate measurement of elastic extensions, and show how Young’s 
modulus is determined. 

9. How is the stren^h of the material affected when rivet-holes are 
punched in thick or thin plates of mild steel, or in the foot of a Vignoles 
rail of harder steel ? 

10. Sketch approximately to scale stress-strain curves as drawn by an 
automatic recording apparatus for test bars of wrought iron, mild steel, 
and soft rolled brass. State what you would expect the load per square 
inch to be at the limit of elasticity and at fracture ; also the maximum 
stress for each of the bars. 

11. Describe any instrument with which you are aquainted for measur- 
ing the elastic tension in a test-bar. 

12. Describe some form of drop weight” or ** impact ” testing machine. 
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13 How would you prepare the following materials for oompresaion 
tests : — A block of sandstone about 3 inches cube, a brick, a piece of cast 
iron 10 inches long and 1 inch square in section ? 

14. Sketch an apparatus suitable for taking the necessary measurements 
for obtaining the modulus of elasticity of steel, and briefly describe the 
same. 

15. When testing a piece of steel in an ordinary testing machine, explain 
clearly what happens to the teat-piece up to the moment of fracture, and 
draw a stress-strain diagram. 

16. Define ** stress” and “strain.** The following data were obtained 
from a tensile test on a mild steel bar : — Ori^nal dimensions : length, 
8 inches ; area of cross-section, 0*62 square inch. Final dimensions : 
len^h, 10*2 inches ; area of cross-section, 0*34 square inch. Load at elastic 
limit, 13 tons ; maximum load, 19*6 tons. Mean extension per ton of load 
up to elastic limit, 0*001 inch. Determine the intensity of stress at 
elastic limit ; the intensity of the breaking stress ; the contraction of area 
per cent.; and the modulus of elasticity. Ana, 21 tons per square inch f 
67*6 tons per square inch ; 46 per cent. ; 12,900 tons per square inch. 

17. Describe a testing machine for making a tensile test to destruction 
of a piece of mild steel. Sketch the stress-strain diagram you would 
expect to get, and mark on it the chief points to be noted, giving 
approximate values. What measurements are made of the test-piece 
itself, and explain with what objects they are taken ? 

18. State toe characteristics of the “ plastic state ” of a material. De- 
scribe the observed eflects of direct compressive loading applied to oul)e8 
or short cylinders of (a) mild steel, (6) cast iron, (c) timber placed with 
the grain on end. 

19. Draw roughly to scale the load-extension diagram of the tensile test 
of a steel bar 1 inch in diameter, having a maximum strength of 32 tons 
per square inch ; indicate the points in the diagram where changes in the 
structure occur. 

20. State briefly what effects the following conditions have upon the 
testing of steel : — (a) The length of the test-piece, (6) the sectional area of 
the test-piece, (c) the shape of the test-piece, (d) the time occupied in 
making tne test. 



206 




LECTURE VIIL 

STRENGTH AND ELASTICITY OF COLUMNS. 


dblttSKi^. — Short Columns and the Effects of Imperfect Loading -r* 
Rankine’s Rules for the Strength of Columns of Medium Length 
^Proof of Gordon’s Formula for Colutu ns— Tables of Constants for 

* ' ^ ' Rankine’s and Gordon’s Formula— Example I. — Long Columnsr^Proof 

of Euler’s Formula for Long Columns-^Professor W. E. Lilly on the 
' ' Strength of Solid Oylindriou Round-Ended Columns-^Eooentrically- 
- Loaded‘‘ Columns — Different Formula for Columns, Euler’s, Rankine- 

• f- €k)rdbo’s, Prof. R. H. Smith’s for Eccentrically-Loaded Solid Columns, 

; M odified Form of the Rankine-Gordon Formulaf or Eooentrically-Loaded 

^ " Solid Colutans, Prof. Perry’s, Neville’s, Moncrieff’s, and Prof. ClaxtOn 

' Fidler’s, Prof. Lilly’s Formula for Transversely-Loaded Solid Columns 
; — Prof. Lilly’s Formula for Centrallv- Loaded and Eooentrioally-Loaded 
% ■ ' < ‘Hollow Columns — Comparison of the Results obtained by the several 
Formula and the Objections to ** Straight-line” Formula for Columns 
tf'iw • -iiwXabl^ of Constants for the Formula and Values obtained from the 
-f ‘ Tension Tests on the Materials — Notes on the several Diagrams — 


■ ' Example II. — Questions. 

“ Short Columns and the Effects of Imperfect Loading.*— If a 
. ^irhoD strut or short oolumn be straight before loading, it does not 
necessarily foUow that the oolumn will remain 
so when loaded ; because one side of the column 
in cooling mav become harder than the other, 
when naturally the softer side would yield 
the most. Or, the load may not be applied 
at the centre, due either to the ends oi the 
column not being true and pafidlel, or the line 
of direction of the load acting to one side of 
the central line of the oolunm. 

If the total load P acts along the axis of 
the short column, the ratio of whose length 
to diameter is not greater than 3 to 1, then 
the column will fail by direct crushing. The 
intensity of compressive stress on the section 
wiUbe— 

/-i. 

where A ~ area of cross-section of column. 

Columns of medium length foil partly by 
crushing and partly by biding, while very 
long columns fail entirely by bending. 

Reinkine’s Rules for the Strength of 
Columns of Medium Length.— The late 
Professor Rankine gave the following rules 
for calculating the strength of struts and 
columns. These rules are expressed in terms 
of the least radius of gyration of the section, 
and they are of the greatest importance : — 



Fio. 1. — Skxtoh of a 
Loadud Column whsn 
Hinged oh Fbbb at 
Both Ends. 


*8ea ProG. Imt, C.F., vol. oxxxiv., 1898, for paper on “ The Distribution of Strain in a 
Flat Bar subjected to TTnsymmetrical Stress/' by William Ernest Dalby, M.A., B.Sc.. 
Assoc.H.lnst.0.B. See Snginurinii, Oct. 14th, 1887, for article by Prof. R. H. Smith. 
See Proe. Intt. C.B,^ vol. Ixxxvi., 1886-86, for paper on “Tne Practical Strength of 
Ck>]umns. and of BracM Struts,” by Thomas Claxton Fidler, M.lnstC.E. 



BANKIIfE'S RULES FOR STRENGTH OF COLUMNS. 
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CMe (iX^ Whd^ iht Column Hinged or Free at both Wnd$. 

Let 0 A >= The original straight axis of the column. Taking thia line 
as axis of x, and the extremity O for origin. 

, „ F =? Breaking^ load of the column. 

^ M A Area of cross-section of the column. 

I s= Length of the column. 

y ss Co-ordinate of the centre of area of a normal cross-section, 
and the deflection at abscissa x respectively. 

,9 A » Maximum deflection of the middle of the column from the 
vertical, or d in the plotted results of Fig, 4. 
tf » Maximum intensity of compressive stress. 
if... /o ^ Mean compressive stress. - ^ ^ 

•» fb (= Intensity of stress due to bending =»/«inac -/«. 

Least radius of gyration of the cross-section of the column. 




Coefficient whose value depends upon the material 
P 
* A‘ 


/• 


(L) 


We know, that Jt ■ 
But maximum M ■ 


s (see equation V., Lecture III., Vol. IT.^ 

P Ay 


-PA. 


• •A 


I 


(IL) 


Let p be the radius of curvature of the bent axis of the column, then to 
find the maximum deflection A, we get — 

ii)' 


But, 


IS * 

2pS. A = . 

Consequently, from equation (III.) 


(III.) 


pf. p f. 

: ~r- = c where c is a constant = 
o t^y y o Ifi 


A(2p> A) 

y “ p‘ 

Sp 

Substitatlag thia valve in equation (II.). we obtain — 

where k is the radius of gyration, and I =» A (see Lecture XII., ITeL:!. ) 
Then the maximum intensity of stress in the column ‘ 


P - P 

1.^^ ^ a^T^' 


../j 




“/• + /* =/• + ^A p * 




Or, 


1 0 * 4 ) 


0 * 4 ) 


■u\ 


If /« max. la the maximum stress allowed, and which must not be greater 
than the elastic limit stress in compressipn of the material^ ^en , w 

firming load » ...... (IV.) 

" Where the radius of gyration k of the section with respect to the axis 
about which the resistance to bending is least^vis., the axis about i^ch 
1 is least. The st^y woi;ku)g lea^ to be placed upon the ooluiimiiS^ulfi 
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not be greater than nP, where n as } to for wrought iron and fteelt | for 
oast iron, and ^ for wood, whilst for live loads these values should be 
halved. 

CeS6 (2). — When the Column or Strut hoe one Bnd Fixed and the other 
Bnd Jtownaed or Jointed , — Then we must substitute 1 1 for i, and we get — 


P 


1 + 


4 cj^' 
9 


(V.) 


Case (8). — When the Column or Strut haa Fixed JShufe . — If both ends of 
the oolumn are fixed, then the load whioh it will carry before bending is 
the same as for a strut of half the length hinged at the ends, and we 

must substitute ^ for L 

p (VL) 

»+4P 



Fig. 2.— Sui'CH showing Columns with Hinged, Hinged and 
Fixed, and Fixed Ends aestectivxlt. 


Gordon’s Formula for Columns. 

Taking the same notation as Qiat given above for Rankine’s formula 

Let d « the greater dimension of the oross-aection of oolumn. 

„ 6 » the least dimension of the oross-section of oolumn. 

A as d 6 s cross-sectional area of column. 

p p/s 

Maximum bending moment, M = P A, but ^ . *• M ac . 

M FF P 

Also, /h « jp * ® Z*® gy where e is a constant. 

Hence, maximum intensity of stress, 

/.-.-/.+A-/.(i + «5)»|(i+4)- ••• 

1+Cp 

This latter equation, whioh is known as Gordon’s formula, is similar to 
Bankine’s one, except that the least breadth of section b is taken instead 
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of i the least radius of jqrration, and the value of the constant c modified 
accordingly. This formula will be true for circular and rectanmi^r 
BMtions, since the least dimension of cross-section is a function of the 
diameter of the column, but for all other sections the least dimension of 
oroBS-section is not a simple function of the diameter, hence Rankine’s 
formula is more general than Gordon’s, and is to be preferred. 

Values ov the Constants in Rankine’s Formulae. 


Material. 

/««« to Ton. 
per Square Inch. 

1 

c. 

Cast iron, 

35 

Tinnr 

Wrought iron, ..... 

16 


Mild steel, ..... 

21 


Hard steel, 

30 1 

TT^tny 


Values ov the Constants in Gordon’s Formula. 




Values of e. 


Material 

Form of Section 

Buds 

Rounded 

or 

Pivoted. 

Buds 

Fixed. 

One Bnd 
Fixed 
and the 
Other Bnd 
Pivoted. 

in 

Tons 

per 

Square 

Inch. 

Wrought iron, 

L, T, H, chan-l 
nel, and hollow V 
square, . . j 



tJt 

19 


Hollow round, . 

ttStt 

s e\)c 

4o\>o 

17 


Solid round, 


ffVt 

TTTT 

16 


Solid rectangular. 


sAo 

tAtf 

16 

Cast iron, 

Hollow round, . 

vuu 


4 io 

35 


Solid round, 


iriir 

yJr 

35 

Mild steel, . 

Hollow round, . 

TFT 

TtW 

rAr 

30 


Solid round. 

sic 

n\nr 

t4t 

30 


Solid rectangular. 

Thr 

t At 

tAt 

30 


2 


14 
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Example I. — Stato Gordon’s formula for the strength of columns, and 
show^ how it is obtained. Apply it to find the breaking load fdr a 
oast-iron column 8 inches external diameter, 6J inches internal diameter, 
and 22 feet high. The column has flat enos. Take / s 80,000, and 
® = iris* 

Aeswkb. — T he first part is alieady answered in the text. 


By Gordon’s formula, 


P 


/a 


A 



Where, 

Substituting 


c == a * and 

values in the formula, we obtain — 
p 80,000 X (8* - 6 -5*) X *7854 



-80,000 lbs. 

80,000x17 
“ 2-77 


lbs. 


P 


401,000 

2,240 


220 tons. 


i 


LonOT Columns. — In a lo^ column, the ratio of its length to the least 
radius of gyration may be sum^cient to cause the column to fail by lateral 
flexure rawer than by airect crushing. Consequently, we have a compound 
stress somewhat similar to that which exists in the short columns with 
eccentric loading. The tendency to lateral flexure in long columns may be 
increased by the eccentricity of the loading caused by the direction of the 
line of action of the load not coinciding with the true axis of the column. 
The strength of long columns has been investigated mathematically by 
Euler and Kankine, and more recently by Professors R. H. Smith, Claxton 
Fidler, and others. 

Proof of Euler’s Formula for Lougr Columns (see Fig. i). 

1st. When the Column ia Hinged or Rounded at the Ernde , — Let 0 B A be 
the bent axis of the column. Take the origin at 0, and the vertical line 
0 A as the axis of x. Let y be the deflection at the intermediate point t 
of the column, p = radius of curvature, and M » bending moment at xy. 


Then, 


Or, 


1 _ ^ _ Py 
EI~ d^' 





This negative sign is used, because, if we say that the deflection is 
poaitivt^ then the centre of curvature must lie on the negative side of 0 A. 


cPy _Py 
“"da:2~Er 


, multiplying by 




Therefore, 


f(y>+c). 


W*/ El’ 

And. if ^ - 0, then y » d, the maximum deflection ; hence, e 
> dx 


p 
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Therefore, 


S)’- 

dx 

Or, 

f dy 

J 


Again integrating, 

X == 


l^hen 


X = 

0, y = 0 ; 

Hence, 


y = 


When 


* = 

<i 

II 

Therefore, 

""-2^ 

rp 

ET 

II 



dy 


c«0. 

which is the equation of 
the elastic curve. 



IT , 

or, — ; &c. 


The least value of P, and also the minimum thrust which will bend the 
column, is given by the equation — 


I /P_'n- 

2yEI"’2* 


Or, P 


P * 


(VII.) 


But P » ^ A, and moment of inertia I = A 1:^. Substituting these 
values in equation (VII.) — 

" 

2nd. When the Column is Fixed at the one end and Hinged at the other. 


Then, 


tt^EI Qw^EI 

\z) 


(vin.) 


3rd. When the Column is Fixed at Both Knds. — If the pillar or strut is 
fixed at both ends, the load which it will stand before yielding is the same 
as for a strut of half the length hinged at the ends. 


Then, 


P 


^2EI __ 4'iraEI 

2 / 


In this case, the length = ^ in (VII.l. 


(IX.) 


It Mrill be noticed, that Euler’s equations are for very long struts loaded 
under ideal conditions, viz. 

(1) That the column is originally straight and of uniform section; 
(2) material of the column is homogeneous ; and (3) the line of action of 
the load coincides with the centre line or axis of the column. 

Professors R. H. Smith and Olaxton Fidler have pointed out, that these 
conditions cannot be realised in practice, as there is nearly always some 
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eooentrioity due to either iniperfeotion in workmanship, want of uniformity; 
in the modulus of eiadticity throughout the column, or journal friction 
occurring in connecting- and eccentric-rods. 

If is the compressive or crushing strength of the material of the 

column and A is the cross-sectional area of the column. 

Then, for short columns, 

Breaking load P »/•«««. A. 

Also, according to Euler’s formula for very long eolumns— 

Breaking load P » — ^ — 

Then — 

Breaking load A p . . (X.) 

l+Zcm..*. 


This eouation may be taken as true for columns of all lengths, because 
If f is small, the denominator is 1 and P =» /e mmx. A. 

When the length I of the column is great, then we neglect the 1 in the 
denominator, and— 


P = 




But I = AP, where k is the least radius of gyration of the section ; then, 
substituting this value in equation (X. ) — 


Where the constant 


P = 


/c, 


1 + 4 - 


fcmax. 


(XL) 


It is found, that if the constant is calculated from the equation, values 
are obtained which make the column too strong, because as already noted, 
that in practice perfect straightness, loading, Ac., of the column aoes not 
exist. 

Therefore, the constants /e max. and c are determined from a set of ex- 
perimental tests, and the formula is treated as an empirical one. 

Prof. W. E. Lilly on “The Strengrth of Solid Cylindrical 
Round-ended Columns.”* — The object in carrying out the experi- 
ments was to determine the constants to be used in the formulss for the 
design of solid cylindrical round-ended columns. The constants at present 
in use, more especially in the Rankine-Gordon formula, have been derived 
from experiments on columns of various figures or shapes of the cross-section, 
and do not apply with any great accuracy to solid columns. He has 


* See Enginetrin^ of November 1.3th, 1908, for printed copy of paper 
read at the Dublin meeting of the British Association for the Promotion 
of Science. 
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pointed oat in some previous papers,* that , the wave phenomena which 
accompany secondary flexure influence the strength of the column, and, 
therefore, the thickness and the figure or shape of the cross-section must 
be taken into consideration when estimating its strength. 

— The tests were carried out on samples of cast tool-steel, Bessemer 
steel, mild-steel shafting, annealed and unannealed, wrought iron, and cast 
iron. The mode of testing was in all cases the same. Definite lengths of 
the i-inoh diameter samples were cut off, and the ends rounded in the 
lathe, the bars being at the same time carefully straightened. They were 
then placed in the testing machine, the round ends oeing on steel discs, 
the surfaces of which were slightly concave, to enable the specimen to be 
easily adjusted. 



Ittmgihj dwUUd* - radium of ^fyTxUwrui 

Fio. 3. — Curves showing the Strength of Solid Cylindrical 
Round-Ended Columns. 


Plotting and Comparison of the Results. — Values of l/pt the length 
divided by the radius of gyration, were plotted on a horizontal line as 
base, and the values of p, the load in lbs. per square inch on the column, 
were plotted vertically ; the curves were then drawn through the co- 
ordinate points. The curves obtained are shown in Fig. 3, and the stress- 
strain diagrams from the tension tests, together with the values for Younf^s 
modulus of elasticity being given in Fig. 4. It will be noted that, for 


* Students should refer to the following papers by Professor Lilly on 
“The Strength of Columns,” Proc. Inat. of Mech. Enge., June, 1905; 
“The Economic Design of Columns,” Proc, /nat.C.E. of Ireland, March, 
1907 ; and “The Design of Struts,” Engineering, January 10th, 1908. 
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values of Ifp greater than 1^, there is little difference between the values 
of the breaking loads obtained on the various materials. For values 
beyond this limit, the modulus of elasticity governs the strength of all 
columns, and the values closely approximate to the dotted curves plotted 
to EuleFs formula. For values of Ifp less than 120 and greater than 40, 
the ductility and the strength of the material at the elastic limit or near 
the yield-point play an important part in determining the strength of the 
columns ; since the load producing failure partly stresses the material 
beyond the clastic limit, and, on taking off the load, the column is found 
to have received a permanent set or deformation. 
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Fig. 4.— FLOTTiin or tiik Above- mentioned 

Materials AS Tested. 



Fig. 5. — Solid 
Round - Ended 
Column under 
Test. 


Lbs. per Square Inch. 


Breaking load. 

169,000 

93,500 

74,000 

64,000 

65,000 

33,000 

Load at yield-point, 

100,000 

70,000 

64,000 

60,000 

39,000 

•• 

Young’s modulus £, 

33,000,000 

1 

31,000,000 

30,000,000 

30,000,000 

28,000,000 

1 

18,000,000 


From a comparison of the curve given for cast iron with the other 
curves, it will be noticed that a value of Ifp = 60, the curves of wrought 
iron and cast iron intersect, and, therefore, for values less than, equal to, 
or greater than this value, a solid column of cast iron is of a strength 
greater than, equal to, or less than one of wrought iron. Similar remarks 
also apply for the intersection of the curves for mild steel and cast iron at 
the value of l/p = 35. The other curves for the Bessemer steel and cast 
tool-steel do not intersect the cast-iron curve, and, therefore, columns of 
these materials are always stronger than those of cast iron. This relation 
for wrought iron and cast iron was first pointed out by Gordon. His 
estimate for the critical value of l/p was about 80, and somewhat greater 
than that given above. This is due to the columns having various shapes 
of the cross-section, the average curve of which intersects at a value of l/p 
greater than that obtained on solid circular columns. 
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Professor Lilly* s Formula . — As shown in a previous part of this Lecture, 
various formulae have been proposed at different times, based both upon 
experimental and theoretical (grounds, to determine the strength of 
columns and struts. Of these he consi<lers the Ran kine- Gordon formula 
to be the best. This formula is of a form proposed by Tredgold on 
theoretical grounds. It was afterwards revived by Gordon, who deter- 
mined the approximate values of the constants, and then modified by 
Rankine, who substituted the value of p, the radius of gyration, for the 
diameter of the cross-section. The formula only applies to solid columns, 
and requires modification when applied to hollow or irregular forms of 
cross-section (see pp. 206 to 209). 

Professor Lilly, after deriving the Rankine-Gordon formula, modifies it 
BO that the formula becomes — 



where P = load on the column, 

A = area of cross-section, 
p = load per unit of area, 

/ = working strength to compression of the material, 

I = length of column, 

p = radius of gyration of cross-section of column, 

E = Young’s modulus of elasticity of the material. 

He found that, with suitable values of /, the formula gave values which 
more closely corresponded with his experimental curves. The value of the 
constants to be used in the derived formula differs from that given for the 
Rankine-Gordon formula. Young’s modulus of elasticity, E, remains 
the same, but the value of /is about two-thirds of the / of the Rankine- 
Gordon formula given at top of p. 209. 

Advantage, of the Derived Formula. — One advantage of the derived 
formula is, that three points on the curve can be fixed with a fair degree 
of accuracy from the experiments ; thus, when Ijp = 0, the value of p =/. 
Now, if / is taken as the strength of the material near the yield-point, the 
value of p at the upper limit of the curve is fixed ; again, when Ijp is large, 
the value of p becomes equal to its Eulerian value, and a second point is 
thus obtained which fixes the lower limit of the curve. If, now, a column 
is tested having a value of Ifp about 80 to 100, the load which will just 
bend the column can be determined with a fair degree of accuracy, and an 
experimental value is obtained for a third point on the curve. By giving 
a suitable value to the constant for / in the second term of the derived 
formula, the curve can be made to coincide with the experimental value, 
and a curve is obtained which must approximate closely in its value to the 
true curve 

Practical Use of Derived Formula for Designing Columns, —Whether the 
derived formula or the Rankine-Gordon formula be used in designing a 
column, the areas of the cross-sections obtained are nearly the same in 
both cases. For this reason, Professor Lilly is of the opinion that little 
advantage is to be gained in practice by using the derived formula in place 
of the BAnkine-Gordon formula, since the latter errs on the side of sMety 
in giving smaller values of p for values of Ijp greater than 40 ; and for 
oolumns less than this, which are unusual in practice, it approximates very 
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closely ; and, further, the extreme simplicity of its form must always 
recommend it to engineers. 

Us^vi Modification of the Rankine-Oordon Formula . — It is convenient 
for somd purposes to put the lUnkine-Gordon formula in the follovring 
form :~Let P =/A„ whore Aj is the area of cross-section required for a 
very short column, then equation (X.), p. 212, becomes — 


Aj _ A — Aj _ ft^ 

Ai““ Aj 


(Xa.) 


Now, Aj = A - Aj may be looked upon as the area required to strengthen 
the column against bending, and Aj the area requirea to carry the load. 
Similarly, for the derived formula, equation (XII. ) becomes — 


Aj *“ A, <ir2Ep2| 




. (Xlla.) 


From the diagram (Fig. 3) the curves of the two formulas for annealed 
mild steel intersect at a value of l/p about (iO, and, therefore, the areas 
required for the cross-section of a column would be the same if calculated 
by either formula. The constants are for E = 30 x 10* lbs. per square inch, 
and for/j = 60,000 lbs. per square inch for the Rankine-Gordon formula, 
and 40,000 lbs. per square inch for the derived formula. Subst ituting 
these values in equations (Xa.) and (Xlla.), and putting lip s ^/3,750, 

A 3 

then, for the Rankine-Gordon formula, ~ - 7 » and, for the derived 
A 1 Aj » 

ormula = g 1 is, of seven parts of the area of the cross-section 

three parts are required to resist bending and four parts are required to 
carry the load by the Rankine-Gordon formula, whereas one part is 
required to resist bending and six parts are required to carry the loan by the 
derived formula. /For the larger values of Ijp the difference rapidlj 
becomes less, but in all oases beyond this value of l/p the Rankine-Gordoi 
formula errs on the safe side in giving the larger proportion of the area oi 
the cross-section to resist bending. 

Eceentrically-Loaded Columns.*— Up to the present time com- 
paratively few tests have been made on the strength of “ eccentrically- 
loaded columns,” and the range of these tests has in most oases been t^ 
limited to allow of any general deductions being drawn from thenL On 


* I am indebted to The Council of The Institution of Civil Engineers^ 
and to the Author, Professor W. £. Lilly, M.A., D.Sc., of the Engineering 
School in Trinity (College, Dublin, for their kind permission to reproduce 
the following figures and to make certain abstracts from the paper on 
“ EccentricaUy-Loaded Columns,” see Proc. Inst, C.E,, voL olzxxi, Part 
111., as issued. Sept., 1910. 

Ihese investigations are believed to be the first attempt to carry out a 
complete series of experiments on eccentrically- and transvers^y-loaded 
columns. 

Students should endeavour to see and study Prof. Lilly*s Articles in 
Engineering, voL Ixxxviii. (1909), p. 1 ; and vol. Ixxxix. (1910), p. 33. 
Also, his Paper on ** The Design of Columns and Struts,” see Engineering^ 
voL Ixxxvl, p. 670, Nov. 13, 1909. 
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the other hand, the mathematical treatment of oolumna under central and 
eccentric loading has been much discussed, with the result that various 
formulas have been giyen for determining their strength. The experi- 
mental data required for the verification of the values obtained by the 
use of the^ formulas is wanting. For that reason, the Author of this 
paper carried out some experiments in the Engineering Laboratory of 
Trinity College, Dublin. He also compares the experimental values obtained 
with those derived from formulas applicable to the particular cases. 

Ezperimenial Tests on Columns, — The experiments were carried out on 
a lO'ton Wibksteed testing- machine with a number of round bars of nickel 


steel, Bessemer steel, mild steel, 
diameter ; and on mild-steel tubes 
thick. These bars and tubes were 
tested as columns under (L) cen- 
tral, (ii) eccentric, and (iil) trans- 
verse and axial loading, all as 
shown by the next Fig. 6. 

Manner of Preparing theColumns^ 
and of Conducting the Tests . — 
Definite lengths of bars and of 
tubes were out off and carefully 
straightened. The grips were then 
applied as required to these 
columns, and they were placed 
in the testing machine with the 
knife-edges resting in the grooves 
at the required eccentricity. The 
test was then carried out in the 
usual manner, and the load pro- 
ducing failure was noted. The 
eccentric loads were in all cases 
applied at disianoes of } inch and 
i inch from the centre of the 
column. Then the values of em/p^ 
are 2 and 4 respectively. 

For the centrally-loaded columns 
the same procedure was adopted. 
For some of the tests the grips and 
knife-edges were used. But for 
others, round-ended columns with 
ends resting on steel discs were 
adopted. 

For the combined transverse 


wrought iron, and cast iron of i inch 
of I inch diameter, of 18 and 23 S.W.G. 



Fig. 6. — Method of Applying Load by 
Grips ; also Tbansyebsb Loading. 


and axial loadings the grips and 

knife-edges were used. Then the load was applied at zero eccentricity to 
the column. The transverse concentrated loc^ was first applied to the 
column by hanging weights on a cord passing over a fixed pulley. This cord 
was connected to the column at right angles to the middle of its length. The 
vertical load was then applied, and the test carried out in the usual way. 
The apparatus is illustrated in the accom|Minying Fig. 6. 

Manner of Recording the Results obtained from the Experiments on the 
several Diagrams. — Values of Ifp (or the length divided by the radius of 
gyration) were plotted m a horizontal line as base, against the value of p 
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Vertically (for the gtress in pounds per square inches on the column). Dis- 
tinctive symbols were used for the values obtained from the respective 
tests on the central, eccentric, and combined transverse and axial loading 
On the^agrams theparticulars are also given of the material, the eccentricities 
of loading of the columns, and the constants for the formulae used in plotting 
the curves. The diagrams are thus to a large extent self-explanatory. ' 


Let p denote the load per square inch on the column in lbs. 


i 

£ 

Po 

k 

e 


total load on the column in lbs. 

„ area of the cross-section in square inches. 

„ compressive stress of the material in lbs. per square inch. 
„ length of the column in inches. 

„ distance of outer fibre from neutral axis — t.e., the outer 
radius of the circular cross-section, in inches. 

„ radius of gyration of the cross-section about a diameter 
in inches. 

„ thickness of cross-section in inches. 

„ Young's Modulus of Elasticity in lbs. per square inch. 

„ outer fibre stress due to bending by transverse load on 
the column in lbs. per square inch. 

a constant ~ | for mild steeL 

the eccentricity of loading — t.e., the distance of the load from 
the centre of the ends of the column in inches. 

a constant = 


Various FormulSB— iSWer’s Formula . — The investigation underlying 
the derivation of formulas for the strength of columns under axial or 
eccentric loads, starts from the analysis originally given by Euler, and 
is given in this Lecture. 

(See Eq. VII.,). 

Bankine-Oordon Formula . — If we consider one part of the area of the 
erosB-seotion to transmit the direct thrust and the other part to transmit 
the bending moment. Let P = /A], and + A 2 = A, where Ai is that 
part of the cross-sectional area transmitting the thrust, and Aj the other 
part transmitting the bending moment ; the value of I wiU be Sub- 

stituting in Euler's formula these values give — 

* 4^ or p « ~ 3S (See Eq. Xa. , Lect. VIII., 

A, ^ A j /^_ ^ Vol. II.) 

which is the form of the Bankine-Gordon formula for columns (see pp. 208 
and 212). Reverting to Fig. 1, in this Lecture, consider the equilibrium 
of the central cross-section, then from the theory of bending, the following 
relation is obtained : — 

^ = a (Sw Eq. V„ Loot. III., Vol. II.), 

i ffl 
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VFhere pj is the stress due to bending on that fibre at the greatest distance 
m from the neutral axis. At the centre M = P A, where A is the defiection 
at the centre ; and putting A equal to the total area of the cross-section, 
then I s A and P = p ^ and on substitution the relation obtained is 

Pi = If, as before, the cross-section is considered as being made up 

V P 


of two areas, one of which Aj transmits the direct stress and the other 
Aj the bending stress, then if the outer fibre stress due to bending is equal 
to the direct stress, P = p A may be put equal to piAi and T = 


^ ^ ^ Pi 

Ai ” “ p * 


(XIII.) 


This relation obtains because any alteration of the breadth of a given 
cross-section does not alter the value of p. 

Adding unity to both sides of this equation, and putting Pi + P = / 
then 


P 


/ 


. A m* 

1 + 


. . . (XIV.) 


The difficulty is, that the solution of equation (XIII.) depends upon 
the validity of assuming such distribution of stress on the cross-section, 
and upon determining what function of the length applies to A ; but so 
far the latter can only be approximated to. For the Rankine-Gordon 

formula A = and the assumption is legitimate when comparing 


columns of the kind already mentioned, as it assumes that the deflection 
of the column under the breaking load stresses the material up to ile 
compressive stress /. For long columns Euler’s formula leads to the 
same result. 

The Rankine-Gordon formula, as thus derived, gives the first approxi- 
mation and errs on the side of safety, as will be evident on comparing the 
experimental results with the curves in the figures ; further, it leads to a 
rational method of evaluating the shear stress in columns, from which 
the proportions of the bracing or web in built-up columns can be deter- 
mine ; and lastly, the simplicity of its form must always recommend 
it to engineers. 

Pro/. R. H. Smith's Formula * for EccentricaUy-Loaded Solid Columns . — 
Let the load P be applied to the column with an eccentricity e from the 
centre of the column, then Euler’s formula — Eq. (VII.) — becomes 


P (y + e) _ 1 d'^y 
El ” R “ • 


(XV.) 


or 


dx^ 


- 1 - 


-H n’-* e =r 0, where n* = rry. 

KI 


* See The Engineer^ vol. Ixiv. (1887), p. 304, for article on “ Struts.” 
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The solution of this differential equation is — 

y = - e-fAoosnaj + Bshin*. 
Sinoe y has the same value for + « or — x, 

y = _ e + Aoos no?. 

And when x = 0, jy = A — e, giving A b A ; 

Hence y = — e + A cos n x. 

I 


X = 2 » y = 0, 


A 

s = A cos y. . 


Again* when 
giving 

For the case when the eccentricity of loading is zero, 

0 * A cos = A cos ^ giving Euler’s formula. 
From eq. (XVI.) 


(XVI.) 


A = 


nl 


00 ® ~2 008 


/_P I* 

yEi* 2 


•ad by substitution in eq. (XIV.) for A. 

f 


(XVII.) 


1 + 


P I 

1*5 


Modified Form of the Rankine-Gordon Formula for Eccentrually-Looded 
Solid Columns , — Referring back to the interpretation of Euler’s formula 
given in eq. (Xa.), the above eq. (XVll.) can be written 


14.: 


, /-^ ^ 

'YA,Ep>’2 


cos 


If now in eq. (XVII.) the term containing the cosine is expanded, then 
P 

f, &c , ; and taking these first two terms as an 


/- ^ 

\EI*2 


1 - 


4[2Ef 


approximation, eq. (XVI.) becomes 
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If the approximation is made of putting ir* for 8, and the substitution 
Is made as in eq. (Xa.), then 

may be put for giving A = 

* ■,»ea;^ 

and by substitution in eq. (XIII.) 

em 

Aj _ -pi _ A m _ 

Ag “ p " 7^ “ , * 

“ ir*E Aap* 

irhen the modified form of the Rankine-Qordon formula is obtained : — 

P ; / fP <xviii.) 

^ pa ^ <ir -Epa 

Pro/. Perry's,* NeviHe's,^ Moncrieff'sX and Prof. Fidler's^ Formulas . — 

I'Y I 1 '2 

Prof. Perry’s approximation assumes that • 2 ~ Pi*”' giving 

on substitution in eq. (XIIL), as before ^ 

/ 


•raEl 


P = 


/ 


1 + 


1-2 


1 - 


PP 

^aEI 


= . (XIX.) 

1 + 


BIr. E. A. Neville’s approximation assumes a torm giving on substitution 
in eq. (XIll.) 

p 7^ ~ — Tzf—zrw- • • (XX.) 


1 + . 


PI 

^’"9Ep^ 

Mr. J. M. Monorieff’s formula is derived by considering the curve of an 
eooentrioally-loaded column to be a parabola. The method of deriving it 
leads to its form being similar to the formulae already given, and on sub- 
stitution in eq. (XIII.) it gives 

f - f 


. piP” 


1 + 


0-2 p P) . ejnf 0:2pf \ p,/* 

^ /V 9-6E,^/ ^9-6E/.» 


(XXI.) 


9-6 Ep» 


* See The Engineer, voL Ixil (1886), p. 464, for article on “ Struts ” by 
W. E. Ayrton and J. Perry. 

t See Technical Paper, No. 129, Government of India, Simla, 1902, for 
** Note on Euler’s Formula,” by £. A. Neville. 

t See Trans. Am. Soc. C.E., voL xlv., p. 334, and Engineering, voL Ixxiii 
(1902), p. 731. 

§See Proc. Inst. C.E., vol. IxxxvL, p. 261, paper on **The Praetical 
Strength of Columns and Braced Struts,*^ by Prof. Glaxton Fidlsr. 
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Professor Qaxton Fidler has given a formula rather similar to the pre- 
ceding, which takes into consideration a variation of the modulus of elasticity 
of the material of the column. Mr. Neville has shown that this assumption 
is equivalent to considering the column to have an initial deflection, with 
the result that the values obtained by its use do not differ greatly from 
those obtained from the formulse already given. 

Prof, LiUy^a Formula for Tranaveraely-l^adbi 
Solid Columns, — ^The Rank^e-Gordon formula, and 
the modification of it for eccentrically - loaded 
columns given in eq. (Xo.), may be simply derived 
by considering the curve of deflection to be a 
parabola, as follows ; — 

From eq. IV., Lect. III., VoL II., and eq. (XIII.) 
fP . Am 

TO * p® “* Aj ““ fp' 

and this relation will be true for any length of 
oolunm with its corresponding deflection. Hence, 
from Fig. 7, 

and substituting for n in eq. (XIII.) gives eq. 
(XVIII.) again. 

For the case of a transversely-loaded column the 
above formula is transformed, thus — 



A TO 


em 

' 


JR- 

‘»r*E 


Fio. 7 .— Sketch op 
Eogkntrically* 
Loaded Column. 


but 

Aj 

Also, 


and multiply both sides by 

p Aj Aj 


I 




hence 


Po (_J\fR_ = h 

■ ir'E p* ' A, ’ ^ V 


/ ir'^E fP XX2 

giving from eq. (XIII.), 




/ 


1 + 


/ 


Jl 

w2Ep»’/- Po 


(XXII.) 


The curves numbered 6 on Figs. 9 and 10 have been plotted to it, the value 
of Po being taken equal to //2 in all cases. 
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To determine the concentrated load required to produce a given fibre- 
stress A supplementary calculation is required. Let 


7r2E p2 ■ 


. / 

' - Po* 


And substituting the value of p® = //2, then L = V? Now the length 
L may be looked upon as representing a column which would carry the 
same column load as the transversely-loaded one; hence from eq. 1 V.» 
JLect. III., Vol. II.. 


A. /L* 2fP , _ A 
A*. “ ** ^2 “ ' 


^ 2/P 


(XXIII.) 


From eq. (V.), Lect. III. Vol., II,, = ~, also I = A^p*, and sub- 
stituting the value of A^ from eq. (XXllI.), 


m 

• • • 

W 1 

For the crmcenirated load^ M = - 7 - , 

4 

giving 

"IN 

II 

A 

l • • • 

S/I 



(XXIV.) 


(XXV.) 


From eq. (XXIV.), if Po is M for a given distribution of loading 

can be determined, and conversely. 

Professor Lilly* s Formulce for HoUow Columns.* — ^The formulas given in 
this article for hollow columns are based upon some experimental and 
analytical work carried out by I'rof. Lilly, in which it was shown that a 
short, hollow column when tested under compression fails by secondary 
flexure or wrinkling, the column breaking up into a series of waves. From 
a comparison of the results obtained from his tests it was shown that the 
load producing failure becomes smaller, as the diameter of the column 
increases and the thickness decreases, and it is not until the length of the 
column becomes less than the length of one wave that the load producing 
failure approaches the compressive strength of the material Hence the 
true strength to compression of the column is the load which produces the 
wave formation. From the experiments, and also from the analysis of 
these waves, it was found that the wave length varied as the square root 
of the area of the cross-section. This result leads to the following equation 
for the limiting load 

-'I - • • • 


(XXVI.) 


* Proc. Inst, of Meek. Engs. (1905), p. 697 ; also, Trans, of Inst. C.B. of 

Ireland, voL xxxiil (1907), pp. 07 and I 8 I ; vol xxziv., p. 27. 
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The Talue of the coefficient k depends upon the shape or figure of the 
cross-section, and the ratio p/t depends upon its diameter and thiokness. 
For mild-st^l hollow colmnns of circular cross-section k = Fvur^er 
particulars of these constants and the experiments on which they are 
based are given in the original Papers referr^ to in the footnote. 

On substitution of the above result in the Rankine-Gordon fonnula 
the following modified formula are obtained : — 

For CtitUraUy-loaded hollow columns — 


""A-Tipr— ^ 

For EeeonlrieaUy-loaded hoUow columns — 


(XXVII.) 




(XXVIII.) 


Comforison of the Results obtained by the several Formula , — The solid 
circular section has been taken in each case, and the eccentricity e is assumed 
at ^ and of the radius respectively. 

Two curves are plotted from Prof. Smith's formula in Fig. 8, and it will 
be noticed that as the value of e becomes very small the curve approxi- 
mates to a straight line for values of Ifp less than 65, and to Euler's curve 
lor values of l/p greater than 65. This is equivalent to assuming for columns 
of medium len^h that the defiection is proportional to some less power 
than the square of the length. From the views already expressed, the 
values obtained by its use are not theoretically more correct than those 
given by the Ran^e-Gordon formula. 

The values obtained by calculation from Professor Perry's, Hr. Neville’s, 
and Mr. Moncrieff’s formulas are shown plotted in the figure, and they can 
be compared with the curves obtained from Prof. Smith’s formula, to which 
they approximate very closely. 

It should be noted that the formulas given in equations (XIX.), (XX.), 
and (XXI.) cannot be solved unless some assumption is made as to the 
value either of the fibre bending stress Pi, or of the eccentricity. If pi 
is put equal to /the formulas differ but little from the modified form of the 
Bimkine-Gordon formula. 

Various other formulas, known as ** straight-line " formula, for columns, 
are at present in use, but they are not based upon the usually accepted 
theory of flexure. fWther, the values obtained from their use do not 
agree with the values obtained from experiments when carried out over 
a toge range of the length. 

The comparison of the values derived from the formulas given with the 
results obtained from the experimental investigation are in general in 
close agreement, the experimental values being greater than the calculated 
values. For this reason Professor Lilly considers, that the following general 
formula may be used with confidence in solving most of the problems 
which occur in the design of columns, since the formulas given are only 
particular oases : — 
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The formula ia of simple form, easily derived, and leads to consistent 
results, whereas Euler’s formula as usually interpreted does not. 

Tables of Constants for the Formula and Values obtained from the Tension 
Tests on the Materials . — ^The constants for the formulae to which the several 
ourves have been plotted are given in the following table : — 


Material. 

Compressive 
Stren^h (/). 

Modulus of 
Elasticity. 

Bound* ended 
Columns (e>. 

Nickel steel, 

Lbs. per sq. in. 
120,000 

Lbs. per sq. In. 
31,000,000 

aVtv 

Bessemer steel, . 

110,000 

31,000,000 

vAv 

Mild steel, . 

80,000 

30,000,000 


„ annealed. 

60,000 

30.000. 000 

26.000. 000 

tsSb 

Wrought iron, annealed, 

65,000 

T**BB 

Cast iron, . 

110,000 

• 

14,000,000 

tAv 


The values obtained from the tension tests on the various materials are 
as follows : — 


Material. 

Tensile 

Breaking Stress. 

Stress at 
Field-point. 

Elongation in 
10 Inches. 

Nickel steel, 

Bessemer steel, . 

Mild steel, 

„ annealed, . 

Wrought iron, annealed. 
Cast iron, . 

Lbs. per sq. in. 
109,000 
93,600 

74.000 

64.000 

66.000 
33,000 

Iiba. p«r iq. (n. 
80,000 

70.000 

64.000 

50.000 

39.000 

Per cent. 

12 

14 

8 

12 

20 


Notes on the Several Digraams . — In Fig. 9 are shown the values obtained 
from the tests carried out on a sample of nickel steel containing 3 per cent, 
nickel. These tests appear to be the first series of column-tests carried 
out on this material, and the constants as determined will be of interest 
now that it is being used in structural engineering. 

The values for ’mild steel are shown in Fig. 10. These are of interest, 
since two complete sets of experiments are shown, one set being carried 
out on the bars in the condition '' as received,” and the other set after the 
bars had been ** annealed.” The sample used was that known as bright, 
rolled, mild-steel shafting, and owing to the previous mechanical treatment 
it had received, the material was in state of stress, with the result that 
when it was tested the values obtained were higher than those obtained 
from it in the annealed condition. These two sets of experiments show 
the marked influence of permanent stress upon the strength of ductile 
materials when tested as columns. 

In Fig. 11 is shown the values obtained from tests carried out on a mild- 
steel tube of } inch diameter, and 18 8.W.G. thick. These have been 
selected from a number of tests that were carried out on tubes of different 
diameters and thicknesses to show the infiuence of secondary flexure oil 
2 16 
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the strength of such columns. In the case of the eccentric loading there 
is little variation in the loads producing failure for a large range of the 
length, which is due to the small deflection of the column under the applied 
load compared with the eccentricity of loading. The value of pft is 5 for 
the IS S.W.G. tube, and experiments with an eccentricity of j inch and 
of i inch were made. 

In addition to the above, tests were carried out on annealed lorought-iron 
coltmne. The iron was annealed in order to remove any permanent stress 
and t^kos obtain more consistent results. In addition to the other tests, 
one set of bars was tested as round-ended columns bent with an initial 
deflection of } inch. These latter tests were carried out to compare the 
strength of a bent column with a straight column eccentrically loaded 
under the same conditions. The results obtained were in close agreement. 

Example 11. — A rod of steel, 4 inches diameter, 10 feet long, acts as a 
strut, but the resultant load does not set exactly at the centre of each end. 
The inexactness of loading is, say, h ; imagine it the same at both ends. 
If the greatest stress in the material is not to exceed 20,000 lbs. per 
square inch, and if Young’s modulus is 3 x 10^ lbs. per square inch, find the 
greatest loads for the strut in three cases, first when A = OT inch, second 
when h = 0*01 inch, third when h is 0. 



Fig. 12.— Sketch op 
Steel Rod Loaded 
Eccentrically. 


Answer. — Let I = Length of the unbent strut. 

„ P = Load applied. 
ft h Distance of P from neutral axis 
at either end of the strut. 

Consequently, if A B C represents the neutral axis 
of the strut, and the load line P P be chosen as the 
axis of Xf the mid-point 0 of P P is the origin and 
0 B the axis of y. The differential equation to the 
curve into which the strut is bent will be — 


. ( 1 ) 


Where E is Young’s modulus of elasticity of the 
material, aud 1 is the moment of inertia of the 
cross-section of the strut. 

Equation (1} is derived from the consideration 
that the curvature of the neutral axis at any point 
is proportional to the bending moment at that 
point. This latter is proportional to y, which is 
the distance of the point from the line of action 
P P of the applied forces. 

It is also known that the curvature at any point 
on the curve ^ x 

y — A cos -jj- . . (2) 


is proportional to y if A is small ; so that we may 
assume (2) to be the equation to the neutral axis 
of the strut 


The cosine curve is shown in preference to the sine curve, since y must 
obviously have the same value for numericallv equal positive and negative 
values 01 X. Lisa constant to be determined, and we know that it cannot 
be equal to I nnless the strut is loaded at the centre, for only in this latter 

case will the neutral axis cut the line P P at « i: ^ 
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from equation (2) in (1), we obtain, after simplifying — 

P = (3) 

When the strut is centrally loaded, and c » then equation (3) gives 
Euler’s formula for the “crippling load” — i.e., the least load which will 
cause the strut to bend. It is easily se^n that when P is less than the 
value mven by equation (3), and c has a constant value » equation ^(1) 
can onfy be satisfied by (2) when A = 0. 

In this case of the eccentrically loaded strut, by substituting x » //2 
and y IB A in (2), we get— 

W X m m H* i t A \ 

y » A cos ~y7 > * ** d cos g-j-. . . . (4) 


Let /» 


pr< 

section of the strut due to bending. 

MW. ^ The maximum compressive stress. 

Maximum compressive stress which the fibres of the strut 
can withstand without passing the elastic limit, 
r » The radius of the cross-section ol the strut. 

A The cross-sectional area of the strut =* v r®. 


Then, PA 


/»I . PAr 

• — I or,/»--y— 


Also, the uniform compressive stress due to the load P is/^* 

Hence the greatest compressive stress on the strut is— 

Pa» 


P 

r 


f ^ fc max, fb ” 


^-r = Kl-T)- 


P /AI 
I-f AAr 


(5) 



Substituting this value for 
P in equation (3), and simpli- 
fying, we obtain — 

/A~l+A&r ' 

Equations (6) and (4) form 
two simultaneous equations 
in the unknown quantities A 
and L When the deflection 
A has been calculated from 
these equations, the maximum 
permissible load can be ob- 
tained by substituting in (h). 

The simultaneous equations 
(6) and (4) can be solved Pio. 
graphically. The correspond- 
ing curves are plotted, and the 
co-ordinates of their point of , ^ mi. a u 

intersection give the required values of A and L. The curve AB m the figure 
is the graph of the equation — 

1,177 * jg.gg ^ 26-12 A ■ 


-Plotted Results, showmo the 
Relations of the Deflections to the 
Lengths of the 8taut. 
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In plotting this curve, various values of L greater than I ss 120 inches 
were assumea, and the corresponding values of deflection A were calculated. 
The other two curves in the figure are graphs of the equation — 


A 


h 

itV 

cm r-y 


where I = 120, and h has the values *1 and *01 respectively. 

It is found, that the curve for A « *1 outs A 5 at a point corresponding 
to A *205. Substituting this value in (5), we get P » 1 *58 x 10^ lbs. 
The curve for h » 01 intersects the curve A B at a point corresponding 
to A *085. Substituting in (5), we obtain P =» 2*14ix 10*^. 

When the loading is central, A » 0, and we must substitute L » ^ » 120 
in (3). Tl^ gives ?=» 258,000 lbs. for the crippling load,” by Euler’s 
formula— f.s., the least load which will produce bending. 

The maximum load which can be sustained by the strut without 
onuhing u — 

/ A - 2 X 10« X 12 S6 » 2S1,200 lbs. 


Therefore, when the strut is laoded centrally, it breaks from crushing, 
without bending, when the load is equal to 251,200 lbs. 

Thus— When A = 0, P = 251,200 lbs. 

A- 001, P =» 214,000 lbs. 

., A- 0*1, P = 158,000 lbs. 


In order that Euler’s equation for the crippling load may not be 
misunderstood, a short explanation may be useful. If the central load is 
less than that calculated from (3), when L » the strut will not bend, 
though it may fail from crushing. 

Wnat happens when the load is equal to that given by (3) ? 

The left-nand side of equation (1) represents the resisting moment at a 
section xy of the strut, while the right-hand side represents the turning 
laoment at the same section. The equation to the neutral axis is given by 
equation (2), and, substituting it in (1), we obtain — 


irSBI 

TT" 


A cos 


T7 


PAoo.^. 


• (7) 


When the loading is central, L has the constant value I \ and, since both 
sides of equation (7) are proportional to A, it follows that if bending 
increases, the moment proaucing this bending increases at the same rate 
as the moment to stresses in the fibres of the strut which opposes bending. 
Consequently, the load given by (3), which can just cause bending to 
commence, is sufficient to bend the rod to any extent. When the fibres 
are stressed beyond their elastic limit, the resisting moment increases more 
slowly than the bending moment, because the deflection increases and the 
strut breaks. Hence we see, that when the load attains the value given 
by (3) the strut becomes unstahUy whatever may be its strength under 
crushing or tension. When the strut is eccentrically loaded, equation (4) 
shows, that L must diminish as A increases, so that the left-hand side of 
(7) increases at a greater rate than the right-hand side, and stability is 
secured onless the stresses in the fibres excM the limits of elasticity. 
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Lbcturb VIIL— Qubstions, 

1. A oast-iroD column is straight before being loaded, will it remain so 
when loaded? If so, why? If not, why not? 

i 2. Illustrate and prove Rankine’s formulae for the three oases of fixing 
vertical columns. 

3. Illustrate and prove Gordon’s formulae for the three cases of fixing 
vertical columns. State the difference between Rankine’s and Gordon’s 
formulae. 

4. Why do long columns fail to support loads? Provo Euler’s formulae 
for long columns. 

5. What are the ideal conditions of loading which satisfy Euler’s equa- 
tions for the loading of long columns, and why ? 

6. A cast-steel column, 6 inches outside, 4 inches inside diameter, and 
20 feet in leqgth, is used as a strut, with the direction of the resultant 
load (1) centrally and (2) *5 inch from, but parallel to, its central axis. Let 
the. greatest stress per square inch be 26,000 lbs. and Young’s modulus 
3 X 10^ lbs. per square inch ; find the greatest load which the column will 
sustain in each case. Plot your results to scale. 

7. A structure has a hollow circular section 10 inches outside diameter 
and 8 inches inside. The resultant of all the loads and supporting forces 
acting on one side of the section has a component of 30 tons normal to the 
section, and it acts at 2 inches from the centre; find the maximum and 
minimum stresses in the section. 

8. A solid wrought-iron cylindrical strut is 8 feet 4 inches long, and has 
its ends solidly built in : assuming it has only a pure compressive load uf 
24 tons to support, what must be the diameter if the working load is only 
^th of the collapsing load ? 

9. It is known that a solid cast-iron column of 4 inches diameter and 
7 feet in length would collapse under a load of 17 ‘5 tons per square inch : 
what total load could you allow the column to support with a factor of 
safety of 8 ? 

10. How much would a cast-iron column 12 feet long shorten under a 
load of 34 tons per square inch, if it is a hollow section 8 inches in 
external diameter and 1 inch thick? The modulus of elasticity of cast 
iron in compression is 12,600,000 lbs. per square inch. What total com* 
pressive load will this column support under the above stress per square 
inch? 

11: Explain why the resistance of a long strut depends more on the stiff- 
ness of the material than on its strength. Quote any formula which U 
used in the design of long struts. / 
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Lbctubs VIIL—LC.E. Questions. 

h A vertical mild steel tube of 6 inches external diameter, i inch thick, 
is securely bedded in the ground. Its height above ground is 10 feet, and 
it is subjected at the upper end to a horizontal pull oz 1,500 lbs. Calculate 
the maximum stress at the ground section and the deflection at the top^ 
Take £ as 30,000,000 lbs. per square inch. Ana, 7 '3 tons per square inch ; 
deflection = *875 inch. 

2. Criticise briefly Euler’s, Hankine’s, and Gordon’s formulas for struts. 
Which do you prefer to use, and for what reasons ? 

3. A number of connected loads roll across a bridge. Explain carefully 
how you would find the maximum bending moment at any section. 

4. A masonry column is circular in section. Show that, if the line of 

P ressure cuts the section at a point which is distant more.^han J of the 
iameter from the centre, there will be tensile stress over a portion of the 
section. 

5. A rolled T bar, 4 inches x 4 inches x ^ inch, is tp be used as a strut. 
Find the moment of inertia I, and the radius of gyration k of the section 
about a neutral axis parallel to the top-table, and about another at right 
angles to the first. Ana. I = 5*56 and 2*7 ; A; = 1*22 and *85. 

6. A slender rod of steel, 5 feet long, and either square or cylindrical in 
section is tested for elastic deflection as a beam supported at the extreme 
ends. It bends exactly 1 inch under a central load of 20 lbs. Calcu- 
laie the breaking weight of the same rod when set upright and used as a 
column with rounded ends (adopting Euler’s formula). Ana, 250 lbs. 

7. In what cases may Euler’s formula be rationally and safely used for 
calculating the breaking weight of a column ? In what other cases would 
the formula be unreliable, and what kind of error would it introduce ? 

8. In the case of solid ^cylindrical columns, what would be your rough 
estimate of the relative strengths of cast and of wrought iron — (a) when 
the length of the column is equal to 5 diameters, ana (6) when it is 50 
diameters? Ana, (a) 2*14 :!;(&) 2*34 : 1. 

9. Find the sectional area A, the moment of inertia I (about the dia- 
metral axis), and the radius of gyration R, for a hollow cylindrical column 
whose external diameter is 8 inches, and its internal diameter 6 inches. 
Ana, 22 square inches ; 137*5 inches ^ ; 2*5 inches. 

10. A hollow circular column has a projecting bracket on which a load 
of 1 ton rests. The centre of this load is 2 feet from the centre of the 
column. External diameter of column is 10 inches and the thickness 
1 inch. What is the maximum compression stress ? Ana, 1,000 lbs. per 
square inch. 

11. A solid cast-iron column, 6 inches in diameter and 10 feet high, is 
fixed firmly at each end. What load will it carry when the unit stress is 
not to exceed 8 tons per square inch ? Ans. 125 tons. 

12. A circular mild-steel tie bar, 3 inches in diameter and 30 feet long, 
is overloaded until it is fractured. Take 26 tons per square inch as the 
breaking load, and 10 per cent, as the extension. Limit of elasticity 
15 tons per square inch. Calculate by an approximate rule the work done 
in fracturing the bar. Ana, 568 inch-tons. 

13. The strut in a framed structure is formed of a steel pipe 6 inches 
external diameter and ^ inch thick ; it is 10 feet long and has pin con 
nections at each end. With a factor of safety of 5, to what load may 
it be submitted ? Ana, 30 tons. 
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14. la which way would a steel column 30 feet long by 9 inches external 
and 8 inches internal diameter fail, assuming a load to be applied in the 
direction of the longitudinal neutral axis? Assuming the ends to be 
hinged, what load would this column safely carry with a factor of safety 
of 5, the ultimate strength of the material oeing 30 tons per square inch, 
and the modulus of elasticity 30,000,000 lbs. per square inch. Ana, 
Bankine, 28*7 ; Euler, 25 tons. 

15. A column 20 feet high, fixed in direction at the ends, has to carry a 
load of 26 tons, and consists of an X section beam, 12 inches deep and 
8 inches wide. Find the necessary thickness for the flanges, neglecting 
the effect of the web and taking a factor of safety of 3. Given that the 

21 S 

breaking load = j-g — , where S = the cross-sectional area, L = the 

^ 3(nooo¥ 

length, and k = the radius of gyration. Ana. *3 inch. 

16. A cast-iron strut, 2 feet long, with a sectional area of 8 square inches 
carries a load of 32 tons. Assuming E = 8,000 tons per square inch, how 
much is the strut shortened ? What is the stress and what is the strain 
per unit length ? Ana, *012 inch ; 4 tons per square inch ; *0005. 

17. A building 20 feet high to the eaves and uO feet wide is to be con- 
structed of steel columns placed 15 feet apart, with the sides formed of 
steel framing and plaster slabs. The roof has a rise of 12 feet above the 
eaves, and its weight is 20 lbs. per square foot. With a wind pressure 
of 40 lbs. per square foot on the sides and of 2*4 lbs. per square foot 
normal to the roof, calculate the stresses in the column, and sketch the 
sections to bo adopted ; the maximum stresses not to exceed 5 tons per 
square inch. Assume the base to be rigidly fixed, and the roof truss to be 
simply carrying its own weight and not assisting the column. 

18. A circular steel chimney 5 feet in diameter outside, is to be built 
of steel plates f inch thick ; assuming the diameter of the chimney and 
thickness of plates to be constant, and the base rigidly fixed to the 
foundation, how high can the chimney be built to withstand a wind 
pressure of 40 lbs. per square foot equally distributed over the whole 
surface, and not to exceed a unit-stress of 6 tons per square inch ? 



232 


NOTES OK LBCTORB VIII. AND QUESTIONS. 



233 


APPENDIX. 


Rules and Syllabus of A.M.In8t.C.E. Examinations^ and recent 
Examination Papers. 

The Centimetre, Gramme, Second, or C.G.S. System of Units of 
Measurement and their Definitions — Fundamental Units — 
Derived Mechanical Units — Practical Electrical Units. 

Properties of British Standard Sections. 

Tables of Constants, Logarithms, Antilogarithms, and Functions 
of Angles. 
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Cbt Jnslhittioti of Cibtl ^nginwrs. 


Extracts prom Rules and Syllabus op Examinations por 

ELECTION OF ASSOCIATE MEMBERS. 

Note . — Engineers who desire to enter for the A.M.Inst.C.E. examinations 
should write at oruie to the Secretary, Great George Street, West- 
minster, S.W., for the complete Rules, Syllabus, and Application 
Forms. 


Part II. • — Scientific Knowledge. 

Section A. 

L Mechanics (one Paper, time allowed^ 3 hours). 

2. Strength and Elasticity of Materials (one Paper, time allowed, 
S hours). 

3. Either (a) Theory of Structures, 

or (b) Theory of Electricity and Magnetism (one Paper, 
tiTne allowed, 3 hours). 


Section B. 

Two of the following nine subjects— not more than one from any group 
(one Paper in each subject taken, tiine allowed, 3 hours for each Paper) 

Group i. Group ii. Group iii. 

Geodesy. Hydraulics. Geology and Mineralogy. 

Theory of Heat Engines. Theory of Machines. Stability and Resistance of 
Thermo- and Electro- Metallurgy. Ships. 

Chemistry. Applications of Electricity. 


* Candidates may offer themselves for examination in Sections A and B 
of Part II. together ; or they may enter for Section A alone, and, if suc- 
oessful, may take Section B at a subsequent examination. In the latter 
case, however, such candidates will not be allowed to present themselves 
for examination in Section B unless or until they are actually occupied in 
work as pupils or assistants to practising Engineers. The Council may 
permit Candidates who have attempted the whole of Part II. at one 
examination, and have failed in Section B only, to complete their qualifica- 
tion by passing in that section at a subsequent examination, subject to 
their lieing then occupied as above stated. 
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MaihemcUica . — The standard of Mathematics required for the Papers in 
Part II. of the exami4ation is that of the mathematical portion of the 
Examination for the Admission of Students, though questions may be set 
involving the use of higher Mathematics. 

The range of the examinations in the several subjects, in each of which 
a choice of questions will be allowed, is indicated generally hereunde'r : — 


Seotion A« 

1. Mechanics 

iSftoftcs.— Forces acting on a rigid body; moments of forces, composition, 
and resolution of forces ; couples, conditions of equilibrium, with applica- 
tion to loaded structures. The foregoing subjects to be treated both 
graphically and by aid of algebra and geometry. 

HydroaUUica. — ^rreesure at any point in a gravitating liquid ; centre of 
pressure on immersed plane areas ; specific gravity. 

KinemcUics of Plane. Motion . — Velocity and acceleration of a point; 
instantaneous centre of a moving body. 

Kinetics of Plane Motion, — Force, mass, momentum, moment of 
momentum, work, energy, their relation and their measure ; equations of 
motion of a particle ; rectilinear motion under the action of gravity ; 
falling bodies and motion on an inclined plane ; motion in a circle ; centres 
of mass and moments of inertia; rotation of a rigid body about a fixed 
axis ; conservation of energy. 

2. Strength and Elasticity of Materials:— 

Physical properties and elastic constants of cast iron, wrought iron, 
steel, timber, stone, and cement; relation of stress and strain, limit of 
elasticity, yield-point, Young’s modulus ; coefficient of rigidity ; extension 
and lateral contraction ; resistance within the elastic limit in tension, 
compression, shear and torsion ; thin shells ; strength and deflection in 
simple cases of bending; beams of uniform resistance; suddenly applied 
loads. 

Ultimate strength with different modes of loading ; plasticity, working 
stress ; phenomena in an ordinary tensile test ; stress-strain diagram ; 
elongation and contraction of area ; effects of hardening, tempering and 
annealing ; fatigue of metals ; measurement of hardness. 

Forms and arrangements of testing machines for tension, compression, 
torsion, and bending tests ; instruments for measuring extension, compres- 
sion, and twist ; forms of test pieces and arrangements for holding them ; 
influence of form on strength and elongation ; methods of ordinary com- 
mercial testing ; percentage of elongation and contraction of area ; test 
conditions in specifications for cast iron, mild steel, and cement. 


3. (a) Theory of Structures : — 

Graphic and analytic methods for the calculation of bending moments 
and of shearing forces, and of the stresses in individual members of frame- 
work structures loaded at the joints ; plate and box girders ; incomplete 
and redundant frames ; stresses suddenly applied, and effects of impact ; 
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buckling of struts ; effect of different end fastenings on their resistance ; 
combined strains ; calculations connected with statically indeterminate 
problems, as beams supported at three points, ko . ; travelling loads 
riveted and pin-joint girders ; rigid and hinged arches ; strains due to 
weight of structures ; theory of earth - pressure and of foundations ; 
stability of masonry and brickwork structures. 


3. (6) Theory of Electricity and Magnetism:— 

Electrical and magnetic laws, units, standards, and measurements ; elec- 
trical and magnetic measuring instruments ; the theory of the generation, 
storage, transformation, and distribution of electrical energy ; continuous 
and alternating currents ; arc and incandescent lamps ; secondary cells. 

Section B. 

Group i. Theory of Heat Engines : — 

Thermodynamic laws ; internal and external work ; graphical repre- 
sentation of changes in the condition of a fluid ; theory of heat engines 
working with a perfect gas; air- and gas-engine cycles; reversibility, 
conditions necessary for maximum possible efficiency in any cycle; pro- 
perties of steam ; the Carnot and Clausius cycles ; entropy and entropy- 
temperature diagrams, and their application in the study of heat engines ; 
actual heat engine cycles and their thermodynamic losses ; effects of 
clearance and throttling ; initial condensation ; testing of heat engines, 
and the apparatus employed ; performances of typical engines of different 
classes; efficiency. 


Group iL Hydraulics : — 

The laws of the flow of water by orifices, notches, and weirs ; laws of 
fluid friction ; steady flow in pipes or channels of uniform section ; resist- 
ance of valves and bends ; general phenomena of flow in rivers ; methods 
of determining the discharge of streams ; tidal action ; generation and 
effect of waves ; impulse and reaction of jets of water ; transmission of 
energy by fluids ; principles of machines acting by weight, pressure, and 
kinetic energy of water ; theory and structure of turbines and pumps. 


Theory of Machines : — 

Kinematics of machines; inversion of kinematic chains; virtual centres; 
belt, rope, chain, toothed and screw gearing; velocity, acceleration 
and effort diagrams ; inertia of reciprocating parts ; elementary cases of 
balancing ; governors and flywheels ; friction and efficiency ; strength and 
proportions of machine parts in simple cases. 


Group iii. Applications of Electricity : — 

Theory and design of continuous- and alternating-current generators and 
motors, synchronous and induction motors and static transformers ; design 
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of generating- and sub-stations and the principal plant required in them ; 
the principal systems of distributing electrical energy, including the 
arrangement of mains and feeders ; estimation of losses and of efficiency ; 
principal systems of electric traction; construction and efficiency of the 
principal types of electric lamps. 


Candidates should see, that all their “ Forms” are dvly completed and 
passed by the Council of the Institution of Civil Engineers, Great 
George Street, Westminster, S.W., before 1st January for the Feb- 
ruary Examination, and before the 1st September for the October 
Examination. 

Examinations AbPOad.—The papers of the October Examination 
ordy will be placed before accepted Candidates in India and the 
Colonies. To enable the Secretary to make arrangements for the 
Application Forms and Fees, &c., of these Candidates, their Forms, 
&c., mus t be in the Secretary’s hands, before the Jst June preceding 
the October Examinations. 
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THE INSTITUTION OP CIVIL ENGINEERS' 
EXAMINATION, FEBRUARY, 1909. 


ELECTION OF ASSOCIATE MEMBERS. 


STRENGTH AND ELASTICITY OP MATERIALS. 


Not more than eight quatioM to be cUtempted by any Candidate. 


1. State oonoiselythe meaning of the following terms: — ^Elastio limit, 
yield point, modulus of elasticity, resilience. 

2. A rolled steel joist 12 inches deep has a moment of inertia about the 
neutral aids parallel to the flanges of 375 ‘6; what is its ** section modulus,” 
and what distributed load comd it carry when supported upon bearings 
10 feet apart if the stress in the extreme fibre did not exceed 8 tons per 
square inch T 

3. A hard steel rod j inch diameter and 20 inches long was shortened by 
0*007 inch by a load of 2 tons ; what was the stress, the strain, and the 
modulus of elasticity ? 

4. Derive from first principles the formula / = when / = the unit 


stress within the elastic limit, M = the bending moment, y =» the distance 
of the extreme fibre from neutral axis, and 1 = moment of inertia. State 
any assumption you make. 

5. A ball of steel falls 38*82 feet upon a horizontal slab of the same 
material. Assuming the coefficient of restitution (or resilience) to be 0*7, 
how high will the ^11 rise after impact? What is the ratio of kinetic 
energy just before and just after impact ? 

6. A steel bar 1 inch square is placed upon bearings 30 inches apart ; 
what load placed in the centre of the bar will deflect it 0*25 inch ? Assume 
the modulus of elasticity to be 30,(X)0,000 lbs. per square inch. 

7. Sketch the appearance of the fracture of the following materials when 
crushed to destruction : — (a) A cube of cast iron, (6) a cube of wrought 
iron, (c) a cube of sandstone, {d) a piece of pine 2 inches long by 1 inch 
square placed on end. 

8. A steel shaft has to transmit 100 horse -power when running at 
300 revolutions per minute ; what must be its diameter if the stress in the 
extreme fibre does not exce^ 6 tons per square inch ? 

9. It is frequently stated that the line of resistance in a masonry 
structure must not pass outside the ** middle third”: (a) To what form of 
section does this apply 7 (5) What are the assumptions upon which the 
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statement is based ? (c) What is the corresponding limit of deviation in a 
structure of circular section ? (jivo the proof. 

10. Fill in the spaces left in the following table, indicating the properties 
of the various materials : — 


Material. 

Breaking Load. 

Extension 

in 

8 Inches. 

Modulus 

of 

Elasticity. 

Lirnits 

of 

Elasticity. 

Tensile. 

CompreuiTe. 

Steel bars, 
Wrought-iron bars, 
Cast iron, 

Brass, . • 

0>pper, . 

(yonorete, 

Portland cement, . 
Pitch pine, . 







11. Sketch a machine for making tensile tests of steel up to 100 tons; 
mark the leading dimensions. 

12. State the advantages and the disadvantages of the use of reinforced 
concrete for structural purposes, and explain the duty of each material in 
the oom pound material. 


October y 1909 , 


STRENGTH AND ELASTICITY OF MATERIALS. 

Not more than sight questions to he attempted hy any Candidate, 

1 . A timber beam of 12 feet span is supported at both ends ; it is 8 
inches deep and 14 inches wide, and carries a brick wall 14 inches thick. 
Find what height of wall it can carry if the maximum stress in the beam 
is to be 800 lbs. per square inch, and the weight of brickwork is 125 lbs. 
per cubic foot. 

2. Draw to scale the stress-strain diagram of a tensile test of a steel bar, 
1 inch square, and having an ultimate strength of 30 tuns per square inch. 
Explain the meaning (if the different parts of the diagram. 

3. A load of 3 tons is hung from a round steel rod | inch in diameter 
and 40 feet long. How much will the rod stretch if its modulus of 
elasticity be 13,(^ tons per square inch? 

4. A rolled steel joist, S inches deep, whose moment of inertia is 55*7 (in 
inch units), is laid on bearings 10 feet apart, and carries a load of 7 tons 
uniformly distributed. What is its maximum fibre stress, and what is 
its central deflection if the modulus of elasticity be 14,000 tons per square 
inch ? 

5. In a certain girder a steel flat bar tension member, 10 inches wideband 
} inch thick, carries a load of 30 tons ; it is attached to a gusset by a butt 
joint with two cover plates, rivets of j inch diameter being used. Give a 
dimensioned sketch of the riveting you would propose, and explain fully 
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your reason for the number of rivets, pitch, lap, and thickness of cover 
plate which you adopt. Assume the following as limiting stresses, 5*5 tons 
per square inch in shearing for rivets, 1 1 *0 tons per square inch in bearing 
for plates, 6*5 tons per square inch in tension for plates. 

6. Derive the formula for the torsional resisting moment of a solid 
cylindrical shaft. What will be the maximum fibre stress of a 3 -inch shaft 
transmitting 100 H.P. at 300 revolutions per minute? 

7, Ranliine’s formula for the crippling load P of a round-ended column 
of cross-sectional area A is 


P 

A = 


/ 


where I denotes the length of the column and k the radius of gyration of 
the section, also a and/ =48,000 lbs. per square inch for mild steel. 

Use this formula to find the crippling load of a round-ended column made 
of a 10 X 8 inch rolled steel joist whose least moment of inertia is 71*6 in 
inch units, and whose area is 20*6 square inches. 

8. A cylindrical steel tank, 30 feet in diameter, is to be filled with water 
to a depth of 12 feet. What is the thickness of plate and what riveting in 
the vertical joints would you adopt for the bottom ring of plate ? (Weight 
of water = 62^ lbs. per cubic foot.) 

9. What is the least internal radius to which a flat bar inch thick can 
be bent so that the maximum stress does not exceed 7 tons per square 
inch, taking the modulus of elasticity at 14,000 tons per square inch T 

10. Derive from first principles the moment of resistance of a rectangular 
beam. (Breadth = 5, depth = d.) 

11. Describe the effects produced by the several processes of hardening, 
tempering and annealing upon the physical properties of steel containing 
various percentages of carbon, from the point of view of the use of the 
material for engineering purposes. 

12. State the physical conditions and phenomena to be determined or 
observed in the ipractical examination of Portland cement, and the methods 
of testing it, givins an outline sketch of some common form of machine for 
determining its tensile strength. 


February y 1910 . 


STRENGTH AND ELASTICITY OF MATERIALS. 
iVof mors ihan eight questions to be attempted by any Candidate, 

1. State concisely the meaning of the following terms : — Stress ; strain ; 
modulus of elasticity ; yield point. How is the yield point of steel affected 
by repeated straining and by annealing ? 

2. Give a general description of a modem 50-ton testing-machine ; and 
sketch out an extensometer for use in such a machine. 

3. A 12-inch X 12-ineh balk of timber spans an opening of 14 feet. What 
win be the weu^t per foot run of an evenly distributed load which produces 
a maximum fibre stress of 700 lbs. per square inch ? and how much will 
the balk deflect under this load if its modulus of elasticity be 1,500,000 lbs. 
per square inch ? 
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4. A round steel suspension -rod 42 feet 4 inches long and If inch diameter 
is stretched 0 253 inch by a certain load. What is this load if the modulus 
of elasticity be 28,750,000 lbs. per square inch V 

6. A 10-inch X 6-inch steel bulb tee, whose moment of inertia is 122*278 
(in inch units) and centre of gravity is 3*881 inches from the outside face 
of its table, spans an opening of 14 feet 6 inches. What load must be 
concentrated at its mid span in order to produce a maximum fibre stress 
of 6} tons per square inch ? 

6. A steel cylindroial air-receiver of 67 inches diameter is to carry a 
pressure of 90 lbs. per square inch ; what thickness of plate would you use 
for the shell, and what diameter, pitch, and arrangement of rivets in the 
longitudinal joints, if these are lap joints, double riveted, and if the stresses 
are limited to 14,500 lbs. per square inch in tension, 12,500 lbs. in shear, 
and 25,000 per square inch in bearing area ? Sketch out your arrangement 
of riveting, and state the actual stresses you would have in tension, shear, 
and bearing. 

7. A solid cylindrical steel shaft of 4 inches diameter and running at 
200 revolutions per minute transmits 150 H.P. What wUl be its angle 
of twist (in degrees) in a length of 46 feet, if the modulus of shear be 
11,500,000 lbs. per square inch ? 

8. A 10-inch X 6-inch steel-rolled joist used as a strut is subjected to a 
compression stress of 50 tons acting along an axis lying in the centre line 
of its web, and 3 inches from the outer face of one flange. Find the maximum 
fibre stress produced. Moment of inertia = 211*614 (in inch units) and 
airea = 12*358 square inches. 

9. Describe the eflfect produced upon the ultimate strength of steel by 
repeated stresses (a) when reversed from compression to tension, (5) when 
varied between two* tensions. 

10. A steel bolt IJ inch diameter is passed through a cast-iron pipe of 
2 inches internal and 3 inches external diameter, and 20 inches long, and 
the nut is screwed up until head and nut bear lightly on the pipe. Find 
how much more the nut must travel along the bolt in order to put a com- 
pression of 4 tons per square inch on the pipe, taking the modulus of elasticity 
at 29,000,000 lbs. for steel and 14,000,000 lbs. for cast iron. 

11. If a cast-iron test bar exactly 2 inches deep, 1 inch wide and 36 inches 
between points of support breaks with a central load of 3,340 lbs., what 
should be the breaking weight of another test bar of the same quality but 
1*92 inches deep, 0*97 inch wide, and 35*4 inches between points of 
support ? 

12. A wrought- iron rod 50 feet long and } inch diameter has to arrest 
a weight of 600 lbs. faUing through a distance of 6 inches. What will be 
the maximum stress per square inch imposed thereby on the tie-rod T 
Modulus of elasticity = 27,000,000 lbs. per square inch. 


October y 1910. 


STRENGTH AND EI^TICITY OF MATERIALS. 

Not more than bight questions to he attempted by any Candidate. 

1. Define “ elasticity ” and the meaning of Young’s modulus E, giving 
some examples of this modulus in such materials as cast iron, wrought 
iron, and mild steel. Explain what is meant by the “ elastic limit,'* and 
describe some of the differences which are to be observed between elastic 
and pl^tio strain, I g 
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2. Describe some kind of exteiisomeier” by which it is possible to 
obtain a fairly accurate moasurenient of the luoduhis £ in direct tension : — 
(a) Upon a length of 50 feet, and {b) upon a length of 8 inches ; giving in 
each case some idea as to the magnitude of the linear dihiension that 
would have to be measured. 

3. A straight bar of rectangular section, 6 inches wide and 1 inch deep, 
is laid across a span of 5 feet, and exhibits a deflection of f inch under a 
central load of 10 cwts. Find the modulus E. 

4. Construct the diagram of bending moments for the beam described in 
Question No. 3, giving the maximum bending moment and maximum 
intensity of fibre stress ; and show how the curve of elastic deflection can 
be constructed graphically from the diagram of moments. 

5. Describe what is meant by the “ultimate elongation ” of an Sdneh 
test-piece (in direct tension) ; how its measured value will be affected by 
any slight aberration in the prismatic or cylindrical form of the test-piece, 
and how it enters into the calculated “work of fracture” as indicated 
upon the load-strain diagram. Discuss also its value (1st) as an indication 
01 the comparative “ toughness ” of different materials, and (2nd) as a 
factor in the work of fracture for a long structural member in direct 
tension. 

6. Find the position of the neutral axis in a rolled iron bar of upright T 
Section 4 inches wide, 3i inches deep over all, and J inch thick. When 
this bar is bent (elastically) in the vertical plane, to a radius of 250 feet, 
calculate the tensile and the compressive stresses in the extreme fibres. 
(Take E = 12,000 tons per square inch.) 

7. The chains of a suspension bridge are composed of flat eye-bars of 
mild steel, 9 inches broad with widened heads and pin-connections, each 
bar having a uniform thickness of I inch. What should be the diameter 
of the pin and width of head in order to develop the full strength of the 
bar ? and for what reasons are such dimensions necessary ? 

8. A steel suspending rod with a sectional area of 1 square inch is 

carrying a steady load of 6 tons. What will be the momentary stress 
when (a) the load is suddenly reduced from 6 to 3 tons, and (b) when the 
load is suddenly increased from 6 to 9 tons ? , 

9. A horizontal beam ABC of uniform section, whose moment of inertia 
is I, is used as a cantilever anchored down at A upon a solid abutment, and 
supported at B upon rocker-bearings, while it carries a uniform load u; per 
foot of its entire length. Let / denote the length of each arm AB = BC, 
and write the expression for the slope of the bent beam at A, at B and at 
C, and the vertical deflection at C — all referred to the horizontal line 
ABO. Illustrate by sketch. 

10. Find the “radius of gyration” of cross-section for each of the 
following:— (1) Solid round column, 6 inches diameter ; (2) hollow cylin- 
drical column, 12 inches outside and 10 inches inside diameter ; (3) solid 
b^m, 6 inches square. 

11. A bar of cast iron tested in direct tension exhibits an^ ultimate 
strength ” y = 9 tons per square inch. A bar of the same material is tested 
as a beam 2 inches deep and 1 inch wide laid upon supports 3 feet apart, 
and loaded at the centre. Calculate the load W that would suflnee to 

S roduce the same tensile stress of 9 tons per square inch in the extreme 
bre. Will the beam break under that load? or what load will suffice to 

12. in ‘making any such calculation as that referred to in question^ 11, 
explain the reasoning on which it is based, and the several assumptions 
that underlie the ""sual theory of transverse flexure. 
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February^ 1911. 


STRENGTH AND ELASTICITY OE MATERIALS. 


Fci more than eight questions to be attempted by any Cand^ate. 


1. Give a caveful sketch showinE the usual form of the “ load -strain 
diagram for an 8-inch test-piece of mild steel having a sectional area 
of J square inch, with a “ yield ” at 16*6 tons, an “ ultimate strength 
of 26 tons, and an “ ultimate elongation *' of 28 per cent. Refer to the 
features of the diagram, and describe the process of plastic extension, 
the local contraction and the ultimate fracture. 

2. Taking the specimen in Question 1, and supposing it to remain sensibly 
oylindrioal up to an extension of 20 per cent, under a load of 26*8 tons, 
find the actual stress at that stage of the process, and go on to trace the 
“ stress-strain ” curve as distinguished from the load-strain curve, com- 
paring the two. 

3. In what manner is the “ ultimate elongation ” of a test-piece usually 
measured and expressed ? How will the measured quantity be affected 
by the local contraction in test-pieces of different len^hs and of different 
cUameters 7 

4. Supposing that a tie-bolt of the material described in Question 1 has 
been turned to a diameter of I inch for a length of 3 feet, and that it trans- 
mits the pull by a square-threaded screw cut upon it at one end to a depth 
of inch, reducing the diameter to 0*8 inch inside the thread, how would 
you then estimate the strength and the ultimate elongation of the tie-bolt ? 

6. The floor of a rectangular building, 30 feet long and 20 feet wide, 
is carried by the two timber beams A C and D F laid across from wall to 
wall and crossing one over the other at the centre B, where they carry a 



concentrated load of 35 cwts. If the beams are of similar cross-section 
find how much of the load is carried by each beam, and its greatest bending 
moment : assuming the modulus E to be the same in both. 

6. A solid round bar of mild steel, 2 inches in diameter, is used as a strut 
50 inches long with rounded ends ” ; And the crippling load w per square 
inch i — 

(a) By the Rankine formula 


w 


1 + 


I 


7,600 


r» 


By the Euler formula 

w ssw® E . 


r* 
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where I = the length, and r = the radiufi of gyration ; taking ir® = 10 nearly, 
E = 29,000,000 lbs., and / = 48,000 lbs. per square inch. Repeat the same 
oaloulations for a strut 100 inches in len^h. 

7. Discuss the character and the real meaning of the formulas (a) and 
(6) quoted in Question No. 6, explaining their disagreement. In calculating 
the strength of a strut by either form^a how will the result depend upon 
the freedom or the fixity of its ends ? and how would you treat this question 
in deeding with the compression members in the boom or the web system 
of a large girder ? 

8. A wrought’iron beam of uniform section 2 inches square is rigidly 
fixed at both ends in abutments 6 feet apart, and is loaded in the middle 
of the span with a weight of 1 ton. Sketch the diagram of moments and 
the curve of deflection, giving the greatest moment and the greatest 
deflection. (E = 12,000 tons per square inch.) 

9. For any beam of uniform section, show how the ordinates of the 
deflection-curve can be determined by successive integration ; or, as an 
alternative, how they can be more simply measured in terms of the moment 
of an area in the bending-moment diagram. 

10. A bar of steel, 1 inch square in section and originally straight, is 
bent under stress to a radius of 1,000 inches ; find the bending moment 
and the stress per square inch in the extreme fibre. (E = 13,000 tons 
per square inch.) 

11. In the testing of Portland cement under direct tension how is the 
apparent strength of the briquette affected by the time- rate of loading ? 

12. A cross-girder 18 inches deep over all is constructed of steel plate 
and angle- bars, each flange consisting of a pair of angle- bars 3^ X 3^ X j 
riveted to the web-platc 18 inches x | inch, in the usual form. Find 
the moment of inertia of the cross-section. 


October, 1911 . 


STRENGTH AND ELASTICITY OF MATERIALS. 

Not more than eight questUms to he attempted by any Candidate. 

In the follomng questions E denotes the modulus of elasticity. 

1. Define the following terms : — limit of elasticity, modulus of elasticity, 
Poisson's ratio, and explain how the value of E is determined experimentally. 

2. A steel test bar 1 inch in diameter 8 inches between the gauge points 
is broken with a tensile load of 25 tons ; draw the probable load-extension 
diagram of the same, and state what you consider would be the probable 
percentage of elongation and the contraction of area, the yield point being 
17 tons per square inch. 

3. A rod 30 feet long having a sectional area of f of a square inch suspends 
a dead load of 3,900 lbs., and has a live load of 900 lbs. suddenly applied 
without velocity ; assuming E to be 25,000,000 lbs. per square inch, what 
is the amount of the resilience of the rod when carrying the dead load, 
and at the instant immediately after the live load comes on 7 

4. A load is applied to the crank fixed to a wrought-iron shaft 6 inches 
diameter and 20 feet long, which twists the ends to the extent of 2°; 
assuming the modulus of transverse elasticity (or coefficient of rigidity) 
to be 4,000 tons per square inch, what is the extreme fibre-stress ? 
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6. Give the approximate unit crushing loads of the following materials, 
and make a sketch of the fractures when the test-pieces are crushed : — 
Cast iron, 2-inoh cubes ; Aberdeen granite, 3-inch cubes ; English oak, 
3 inches X 2 inches square, on end ; Portland cement (neat), 2'inch cubes. 

6. Specify fully, in abstract form, the necessary xjroperties of the Portland 
cement used in first-class work, naming the various tests to be made. 

7. Three rolled steel joists 6 inches deep are placed side by side spanning 
an opening of 10 feet ; the moment of inertia of the two outer joists is 
20, and that of the inner one 44 inch-units. A central load of 5 tons is 
so placed as to deflect each of the three joists equally ; state the amount 
of the load carried by each joist, and the maximum unit- stress in the centre 
joist only. 

8. A piece of flat steel has to be bent round a drum 5 feet in diameter, 
what is the maximum thickness which the strip can be made so that there 
shall be no permanent deformation when it is removed from the drum ? 
The steel has an elastic limit of 14 tons per square inch ; E = 14,000 tons 
per square inch. 

9. Calculate the sectional area, moment of inertia, radius of gyration, 
and section-modulus for the following section, about the axis A A. State 
the use of the above properties when calculating the strength of a member 
of the section shown, submitted to direct and bending stresses either separate 




AngUs S} * 

Plate 

r - ■' 

J Y 

A X— J X 

AngUs 

LI T 


'^Flale 1Z*4 Y 


Properties of angle, . . • • • 5^ inches x iucbcs. 

Moment of inertia about Y Y, . . • . *= 3 inch-units. 

Sectional area, = 34 square inches. 

or combined. Assume the centre of gravity as sketched in lines of sections 

X X, Y Y. 

10. A vertical pole 40 feet high has a horizontal wire attached to the 
top, which transmits a pull of 3,000 lbs., the deflection of the pole being 
4 inches. What would be the approximate effect on the above deflection 
if a wire guy, 50 feet long, with a sectional area of of a square inch, were 
fixed in the same vertical plane as the pole and the horizontal wire, but 
leading from the top of the pole to the ground, which it strikes at a point 
30 feet frc m the base of the pole ? Assume E — 25,000,000 lbs. per square 
inch, and neglect the shortening of the post due to the additional load from 
the wire guy. 

11. In designing reinforoed-concrete work, what is the usual value to 
adopt for the ratio of the moduluscs of elasticity of steel to that of the 
concrete, and what is the value of each of the two moduluses ? A vertical 
reinforced -concrete column has vertical steel rods embedded in the concrete ; 
if the stress in the concrete is 200 lbs. per square inch, what is the corre- 
sponding stress in the steel rods ? 
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12. In a reinforced-concrete rectangular beam 18 inches deep by 8 inches 
wide, assume the neutral axis to be 7 inches below the upper surface of the 
beam, and that the two steel reinforcing bars, having a total area of 1-^ 
square inches, have their centres 1 inch from the bottom of the beam. Find 
the unit-stress in the rods, and also the maximum unit-stress in the concrete 
when the section is subjected to a bending moment of 308,000 Ib.-inches. 


February^ 1912 . 


STRENGTH AND ELASTICITY OF MATERIALS. 

Fot more than eight questions to he attempted by any Candidate, 

In the following questions^ E = modulus of elasticity, 

1. How is the “ section-modulus ** and radius of gyration of a section 
of a bar obtained, and how is this applied when 
ascertaining the strength of a beam ? Calculate 
the section-modulus and radius of gyration of the 
section, shown by the figure, about the axis Y-Y. 

2. A rectangidar steel bar 3 inches by 2 inches 
is placed on edge between bearings 3 feet apart ; 
what load placed at the centre will deflect the bar 
J of an inch ? Assume E = 30,000,000 lbs. per 
square inch. 

3. Describe briefly the results of the experiments 
of Bauschinger, Wohler, or other experimenters 
upon the repeated application of a load ux>on a 
steel bar. How do these results influence the 
specification of the various unit-stresses in the 
design of a structure subjected to a live load ? 

4. Experiments upon some wrought-iron bars showed that a permanent 
set was taken when the bars were stressed to a degree greater than that 
produced by a stress of 20,000 lbs. per square inch, but not when stressed 
to a less degree. At that point the average strain was 0*0006 foot per foot 
of length ; what was the resilience of this quality of iron, in foot-pounds 
per square inch section per foot of length ? 

6. What are the changes which take place in the physical properties of 
a steel bar when it is drawn into fine wire ? To what treatment is the 
rod submitted before it is drawn into wire ? 

6. Draw up -a concise specification of the physical properties which 
may be ascertained in a well-equipped testing-house, and by an inspection 
of the following materials ; — Mild steel, cast iron, pitch pine, granite. 

7. In designing a compression member, formulae are made use of which 
reduce the aUowable unit-stress which may be placed in this member, the 

variation being governed by the ratio of - = Why is 

this done ? Give Euler's theoretical formula for columns, and also some 
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well-known practical formula, and state the approximate limits in terms 
of within which each of the formulae should be used in good design. 

8. In crane No. 1 a load of 10 tons is suspended from the point A, causing 
a vertical deflection of 1 inch at the point A. Crane No. 2 is exactly similar 
to crane No. 1, but, instead of the tic-rod being secured direct to the wall, 
there is an intervening tension rod, C D, 20 feet long by 1 square inch in 
section. Assuming tl^ rod to be horizontal, and neglecting the effect of 
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Cranb No. 1. 
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Cranb No. 2. 


its own weight, what will be the deflection at the point A in this case caused 
by the load of 10 tons ? E = 30,000,000 lbs. per square inch. 

9. A compression member constructed of concrete is submitted to a load 
which produces a unit-stress about 50 per cent, in excess of that permissible 
on the material. Sketch fully, with explanatory notes on sketches, any 
methods you know for increasing the strength of the member, without 
altering its over-aU dimensions. 

10. An iron bar 10 feet long having E = 14,000 tons per square inch, 
and a limit of elasticity = 14 tons per square inch, is subjected to shocks 
of a total value of 224 foot-lbs. The bar is not to have any permanent set 
produced in it, this being guaranteed by the adoption of a factor of safety 
of 2. Find the required sectional area of the bar. 

11. In a thin shell, such as a boiler or riveted pipe, subjected to an internal 
pressure of p lbs. per square inch, prove that — (a) the total stress per lineal 
inch upon any part of the shell equals 6 p . d ; (6) the unit-stress equals 
6 p . d 

d = diameter of shell in feet. 

t = thickness of shell plates in inches. 

e = percentage efficiency of the longitudinal joint. 

12. A reinforced-concrete beam of rectangular section 10 inches deep 
by 5 inches broad carries a load of 3 tons, distributed over a span of 12 feet. 
The two reinforcing steel rods have a united area of 1*2 square inch, and 
the centre of them is 1 inch from the bottom of the beam ; find the unit- 
stresses in the concrete and in the steel rods, at the centre of the beam. 
Do you consider either of the ascertained stresses excessive ? 
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October^ 1913 . 


STRENGTH AND ELASTICITY OF MATERIALS. 

Not more than bight questions to be attempted by any Candidate. 

In the foUomng questions E denotes the modulus of elasticity, 

1. What is the differenoe between stress and strain/' and between 
** elastic limit " and yield -point " ? A steel bar 10 feet long and 2 inches 
diameter stretches of an inch with a load of 10 tons. What is the modulus 
of elasticity of the material ? 

2. A rectangular steel bar 4 inches x 1 inch is placed on edge on supports 
10 feet apart ; if a load of 1 ton be placed in the centre of tho bar, how 
much would it deflect, assuming that no twisting of the bar took placet 
Prove the formula you adopt. E = 30,000,000 lbs. per square inch. 

5 . Describe the properties of Portland cement, hydraulic lime, and Roman 
cement. State some of the purposes for which each material is well adapted. 

* . What is the difference in the temperature coefficient of expansion 
between steel and concrete ? What would be the effect of submitting 
reinforced concrete to a temperature of 300° F. ? 

6. Draw the stress- (on original area) extension diagram of the testing 
of (a) mild steel bars, (b) hard-drawn steel wire, to destruction by a tensile 
force. Give a comparative description of the two diagrams. 

6. A beam carries a uniformly distributed load. Show by sketches, 
and give an explanation of, the various stresses occurring in the beam, 
showing lines of principal tensile and compressive stresses and the dis- 
tribution of shear stresses. 

7. What are the advantages and disadvantages of reinforced concrete 
in structural work, and what is absolutely necessary for its successful 
adoption ? 

8. Describe briefly Wohler’s experiments on repetition of stress, and 
state the conclusions to which he arrived, and how these affect the design 
of structures with moving loads. 

9. Under the assumptions of “ straight line stress variation ” and “ no 
tension in concrete ” prove the following equation, from which the depth 
“ n ” of the neutral axis from the extreme compression fibre, for a doubly, 
reinforced rectangular concrete beam, may be obtained : — 

, 2 m (Ao -f Ae) ^ 2 w( Acdc 4- ^tdt) ^ 

^•4- ^ n g =0. 

m = raio of E of steel to concrete, 

At area of tensile reinforcement, 

A« ~ area of compressive reinforcement, 

do — depth of compressive reinforcement from extreme fibre, 

di — depth of tensile reinforcement from extreme fibre. 

Derive the formula giving the value of the lever arm a ” of the centres 
of action of the compressive and tensile forces in the same beam 
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10. A beam is fixed at one end and freely supported at the other ; it 
is loaded uniformly over the whole span with pounds per foot run. 
Find the value of “ n ** in the following deflection formula 


• 0 > =s load per foot run, 

I =s span, 

I =3 moment of inertia of oross*section about the neutral axis. 


11. How do shear stresses act in a reinforced -concrete beam, and how 
are they resisted by the reinforoement ? Explain the effect of the reinforce- 
ment. 

12. Specify the tests for Portland cement as required by the British 
Standards Committee, enumerating and describing all the necessary acces- 
sories for making the tests. 


February^ 1914 . 


STRENGTH AND ELASTICITY OF MATERIALS. 

Not more than bigut questions to be attempted by any Candidate. 

In the foUomng questions E denotes the modulus of elasticity. 

1 . Describe briefly, and give an example of each of the following terms 

(1) Resilience, 

(2) Poisson's Ratio, 

(3) Modulus of Elasticity. 

2. Describe, and illustrate with sketch, a cement-testing machine with 
automatic appliance for applying the load ; state the necessary precaution 
to be taken when using it. 

3. Derive and prove a formula for ascertaining the stress in a thin shell, 
such as a boiler. In the case of a boiler, how does the pressure on the end 
affect the stress in the shell ? 

4. How would you test the compressive strength of granite, cast iron, 
and English oak 7 State the approximate strength of each, and sketch 
the probable form of fracture. 

5. Plot a typical stress-extension (on original area) and real stress- 
extension diagram for the tensile test of a mild-steel bar. Give an explana- 
tion of the two diagrams. 

6. Assume a uniformly loaded horizontal beam supported at each end ; 
the stress in the material not exceeding 400 lbs. per square inch, the de- 
flection not exceeding 1 inch in 50 feet of span, the neutral axis to be one- 
half the depth of the beam and E = 1,200,000 lbs. per square inch, What 
is the ratio of the depth to the span ? 
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7. When a steel rod is drawn into fine wire, how are its physical properties 
affected, and what subsequent operations are necessary to make the wire 
soitable (a) for the cable of a suspension bridge, (h) for the winding rope 
of a mine shaft ? 

8. What is meant by “ seasoning timber, and how is the timber affected 
by the operation ? Describe briefly three methods of seasoning timber. 

9. Columns of reinforced concrete are reinforced by longitudinal rods 
usually bound together with (a) straight roads, (b) rings, (c) continuous 
spirals. Explain the advantages of each system, and state whether the 
enclosed concrete derives any additional supporting power or not. 

10. How are the stresses calculated in a thick cylinder for internal pres- 
•ure ? Derive a formula to ascertain these stresses, preferably that based 
upon Barlow's theory. 

11. Assuming a uniform rectangular bar to be supported at each end 
and loaded at the centre, prove that the work done in deflecting the bar 
within the elastic limit is equal to the volume of the bar multiplied by 

1 /* 

T8 E’ ^ maximum stress on the bar. 

12. A mild steel bar is subjected to direct tensile stress of 4 tons per 
square inch and to a shearing stress of 2 tons per square inch. What is 
the resultant stress on the material ? 


October^ 1914. 


STRENGTH AND ELASTICITY OF MATERIALS. 

Not more than eight questions to he attempted by any Candidate. 

In the follounng questions E denotes the modulus of elasticity. 

1. Before making a tensile test in a new single-lever testing-machine 
of the ordinary type, state what observations you would make in order 
to determine if the scale readings indicated correctly the force on the 
specimen. 

2. Define the terms “yield point" and “elastic limit,” and explain 
briefly how they are measured in a tensile test of mild steel. 

3. State the appliances you would require and the method by which 
you would proceed to determme by a transverse test the value of Young's 
modulus for mild steel from a piece of rolled joist 6 inches by 3 inches by 
7 feet long. 

4. Find the diameter of a hollow steel shaft to transmit 120 H.P. at 
1,000 revolutions per minute under the following conditions: — Outer 
radius =1*5 times inner radius; maximum stress, 8,000 lbs. per square 
inch ; and maximum twisting moment assumed equal to twice the mean 
twisting moment. 

5. A hollow cast-iron column of outside diameter 8 inches and thickness 
4 inch supports a load of 2 tons, the line of action of which is parallel to the 
axis of the column and 2 inches distant from it. Find the maximum and 
minimum stresses in the metal 
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6. A ferro-oonorete beam has its reinforcement distributed in the manner 
indicated in the figure. Assuming working Btresses of 600 lbs. per square 
inch for the concrete, and 16,000 lbs. per square inch for the steel, find 



the width of the compression flange and the area of the reinforcement if 
the beam has to sup^rt a uniformly distributed load of 3,000 lbs. per 
foot run over a span of 20 feet 

7. Give a brief description of any testing machine with which you are 
familiar for determining the tensile strength of cement briquettes, and 
the method of preparing the briquettes. 

8. Assuming an efficiency of 76 per cent, for the longitudinal seams, 
and a working stress of 10,000 Ibe. per square inch, find the thickness of 
the plates of a cylindrical ^iler 7 feet in diameter for a working pressure 
of 150 lbs. per square inch. 

9. State the considerations which would guide you in the choice of a 
suitable steel for use in high-speed petrol engine crank shafts, and mention 
any mechanical tests which would give evidence of properties of the material 
which you consider desirable. 

10. The foundation bolts of an engine-bed plate are 30 inches long, 1 inch 
in diameter, and eight in number. Calculate the maximum energy which 
they will store up under a limiting stress of 16,000 lbs. per square inch. 
Diameter at the bottom of the threads = 0*84 inch. E == 30,000,000 lbs. 
per square inch. 

11. Give a short account of any experiments with which you are familiar 
on the manner in which mild steel fails under combined twisting and tension, 
and state the conclusions which have been drawn from the results. 

12. State Euler's and Rankine's formulse for the resistance of struts, 
and discuss the circumstances under which these formulae may be used 
for the purposes of design. 
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February^ 1915. 


STRENGTH AND ELASTICITY OF MATERIALS. 

Not rrkpre than eight qaesticma to be attempted by any Candidate, 

In the folloiving questions E denotes the modulus of dasticity, 

1 . In making tensile tests of specimens of circular cross-section out from 
the same bar of mild steel, state what diHerenoe in the results obtained 
you would expect to find if the ratio of length to diameter varied consider- 
ably in different specimens. 

2. Define Young's modulus of elasticity and the modulus of torsional 
elasticity. How does the difference in value of these quantities for a given 
material affect the work which can be stored in a given volume of it under 
the respective stress conditions ? 

3. Find the dimensions of a timber beam of 12 feet span and depth equal 
to twice the width, to bear a uniformly distributed load of 1,000 lbs. per 
lineal foot. Maximum stress 1,000 lbs. per square inch. 

4. Distinguish between natural ** and artificial limits of elasticity in 
mild steel, and state the particular treatment by which they may be 
produced. 

5. Describe briefly with sketches any form of testing machine with 
which you are familiar for making tensile, bending, and compression teats. 

6. In determining the tensile strength of cast iron, state what precautions 
you would take in designing the form of the specimen, so that the true 
tensile strength may be found. Is the same precaution necessary in mild 
steel, and under what circumstances ? 

7. A wall 18 inches wide carries a coping 24 inches wide, which projects 
6 inches from the wall on one side. If the weight of the coping is 500 lbs. 
per lineal foot, find the maximum and minimum intensities of pressure 
produced by it on the wall. 

8. Describe a test for determining the relative hardness of metals and 
state how the coefficient of hardness is calculated, and if it is an absolute 
constant for the material. 

9. Find the diameter of the wire and the number of coils in a spiral spring 
which win deflect 2 inches under a load of 50 lbs. Mean diameter of coils 
2 inches. Maximum torsional stress 10,000 lbs. per square inch. Modulus 
of torsional elasticity 10,000,000 lbs. per square inch. 

40. Describe how you would reinforce a concrete beam 12 inches wide 
and 24 inches deep by means of steel rods embedded in the concrete, and 
find the value of the moment of resistance of the section of the beam, stating 
oarefuUy the assumptions which you make. 

11. A thin hollow shaft is subjected to combined torsion and tension 
such that the shearing stress on a section perpendicular to the axis is 5 tons 
per square inch and the tensile stress in the direction of the axis is 10 tons 
per square inch. Find the maximum stress on the shaft and the plane 
on which it acts. . 

12. Calculate the buckling load of a wooden strut 2 inches square in 
section, 100 inches long, if one end is fixed and the other end free. E for 
wood =£ 2,000,000 lbs. per square inch. What modification would you 
make in the calculation if the strut were 30 inches long, and the known 
crushing stress of the wood were 4,000 lbs. per square inch ? 
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Or.toher, 1915 . 


STRENGTH AND ELASTICITY OF MATERIALS. 

Not more than bight questions to he attempted by any Candidate. 

In the following questions E denotes the modulus of elasticity. 

1. Define the following terms : “ stress/' “ strain/' “ modulus of elas- 
ticity/' “ resilience.'* Show the relationship which exists between them. 

2. Derive formulas which may be used for ascertaining the longitudinal 
and circumferential stresses in a thin cylindrical shell. 

3. Calculate the deflection ac the centre of a timber beam, 12 inches 
deep and 12 inches wide, having a clear span of 20 feet ; it is loaded centrally 
so that the maximum fibre stresses do not exceed 1,000 lbs. per square 
inch. The modulus of elasticity of the timber may be assumed to be 
1,000,000 lbs. per square inch. 

4. A hollow shaft is 9 inches external diameter and 4 inches internal 
diameter. Compare the strength of this shaft with that of a solid shaft 
of the same weight per foot nin, under the two following conditions : — 

(а) To resist torsional stresses. 

(б) To resist bending stresses. 

(Do not consider the case when (a) and (6) can exist simultaneously.) 

5. A reinforced concrete pile is used to resist a lateral pressure; its 
dimensions are as follows 


Direction 
oF Pressure- 


-I 

The unit stresses are not to exceed 600 and 16,000 lbs. per square inch 
respectively in the concrete and the steel ; find the maximum value of the 
moment of resistance to comply with these requirements. 

6. Assuming that the stress over a cross-section varies uniformly, derive 
a formula which will permit of the calculation of the intensity of stress 
at any point of a section, when it is submitted to the action of a direct 
force and a bending moment. A rolled steel joist, 5 feet long, 6 inches 
wide, rests upon a wall 2 feet thick and projects over the edge of the wall 
3 feet ; at the projecting end it is loaded with a weight of 1 ton ; equilibrium 
is maintained by a load of 2| tons placed at the opposite end of the joist, 
which is in line with the back of the waU. Find the intensities of pressure 
between the joist and the wall. Neglect the weight of the joist and assume 
that it is perfectly rigid. 


/V^4 rods rdiaT 


N94>.rods rdia^ 


o ' 




<o’ 5 


O 


O 
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7. State the value of the modulus of elasticity of mild steel and also of 
concrete; show any variations which occur by varying the proportion 
of the composition of the concrete. Show exactly how these two properties 
enter into the consideration of stresses in reinforced concrete. 

8. Describe, and illustrate with sketches, the instruments used in an 
ordinary works testing-house for obtaining the various necessary particulars 
of a specimen about to be submitted to a tensile test. Consider the original 
and ^al cross-sections, gauge points, ultimate extension, contraction of 
area at fracture, and any other particulars you may consider necessary. 

9. State the tests required for Portland cement by the Engineering 
Standards Committee; make sketches, with any necessary explanatory 
notes, of the instruments required to carry out the tests. 

10. Draw two curves on the same diagram to show : 

(a) Load-extension curve, 

(b) Stress-extension curve, 

for a specimen of mild steel submitted to a tensile test. Mark on your 
diagram the principal points of stress variation, enlarge any portions of the 
diagram which may be necessary ; show the scales to which it is drawn. 

11. Columns may be classed, generally, as follows : — 

(а) Fixed at one end, free at the other. 

(б) Both ends pivoted. 

(c) Fixed at one end, pivoted at the other. 

(d) Fixed at both ends. 

Assume columns of the same length and form ; state how fixing the ends 
as above detailed would affect the crippling load of the columns. Give 
the proportion of the varying strengths. Sketch the manner in which 
the Ending will take place. 

12. A flitch beam is formed of two timbers 9 inches by 3 inches, and a 
steel plate 9 inches by ^ inch, all assumed to be efficiently bolted together 
so as to develop their full strength. The modulus of elasticity of the timber 
is 1,000,000 lbs. per square inch, and that of the steel 30,0!^,000 lbs. per 
square inch. Find the maximum safe value of the moment of resistance so 
that the unit stresses may not exceed either 1,000 lbs. per square inch in 
the timber or 15,000 lbs. per square inch in the steel. 


February^ 1916 . 


STRENGTH AND ELASTICITY OF MATERIALS. 

Fo% fnor€ than bight to be attempted by any Candidate, 

In the foUomng questions E denotes the modulus of elasticity, 

1. Explain carefully the following types of stress, and give examples 
of their occurrence both separately and in combination : ** shear,'' ** tension," 
** compression," and “ torsion." 

2. A tie-rod having a sectional area of 2 square inches is 30 feet long ; 
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it is extended 0*2 inch by the action of a certain force; find the value 
of this force, also the stress, strain, and resilience of the bar when thus 
extended. E = 30,000,000 lbs. per square inch. 

3. A thin spherical shell is submitted to the action of an internal pressure ; 
derive a formula by means of which the stress in the shell may be obtained. 
The internal pressure on such a shell, 20 inches diameter, is 700 lbs. per 
square inch ; what is the stress in the metal of the shell if it is | inch thick 7 

4. A shaft, 3 inches diameter, is connected to its next length by means 
of a flat-faced flange coupling, the two portions of which are bolted together 
with five bolts arranged in a pitch circle 7 inches diameter. The shaft 
transmits 60 H.P. when running at 300 revolutions per minute. Find 
the diameter of the bolts required in the connection ; the unit stress in 
the bolts is not to exceed the maximum stress in the shaft. 

6. Derive the theoretical formula, known as Euler’s, for the strength of 
struts ; state any approximations or assumptions adopted in the derivation. 
Is this formula practically useful ? If so, explain by means of a diagram 
its limitations in actual practice. Why are other formulae utilised for 
finding the strength of a strut within certain limits ? Sketch a curve to show 
the actual crippling strength of a steel column having rounded ends, plot 
these values to one axis of the diagram and to the other plot the values 
of the ratio Ifr from zero to 200, where I denotes the length of the column 
and f its minimum radius of gyration. Indicate the portion, if any, of the 
curve which is derived from Euler's formula, 

6. What are the tests required for wrought iron of good quality, such as 
that known as Grade A in the specification of the Engineering Standards 
Committee ? Pay particular attention to those tests which are carried out 
without the aid of a testing machine. 

7. Derive a formula for obtaining the deflection of a beam of uniform 
section submitted to the action of a central load. Find the deflection of 
a cast-iron beam, 2 inches wide and 3 inches deep, having a clear span of 
2 feet 6 inches, when submitted to a central load of 1 ton. The modulus 
of elasticity of cast iron is 18,000,000 lbs. per square inch. 

8. Make sketches to show the mechanical arrangements of a testing 
machine which can be used for either tensile or compressive specimens; 
assume that loads up to 50 tons can be applied. 

9. A concrete beam 12 inches wide by 18 inches deep is to be reinforced, 
to resist tensile stresses, with steel rods placed with their centres 2 inches 
from the surface of the concrete. The unit stresses in the steel and concrete 
are to be 16,000 lbs. and 600 lbs. per square inch respectively. What is 
the sectional area of the required reinforcement and the moment of resistance 
of the beam when fully stressed ? 

10. State in the form of a table the values of the modulus of elesticity, 
yield point, elastic limit, ultimate strength, and extension per cent, in a 
length of 8 inches, all of these particulars being assumed to have been 
obtained from tensile tests of the following materials: — Portland cement, 
oak, cast iron, mild steel, and hard drawn steel wire. Where values are 
omitted in your table, state your reason very concisely. 

11. Make careful sketches of the usual type of tensile test piece that 
would be made from a mild steel flat bar, the whole section of which is 
4 inches by ^ inch. The first sketch should show the test piece before 
testing ; the second the portions of the broken test piece brought together 
for measurements to be taken. Fully dimension both sketches and write 
upon them the information that would be required for the preparation 
of a works test sheet. Assume values that you would expect to find in the 
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above test and make out a full test sheet showing all particulars and the 
results of the test. 

12. In making calculations for the design of reinforced -concrete work, 
what are the assumptions that are generally made with regard to the elasticity 
and strength of the steel and concrete ? Explain the effect of these assump- 
tions ; do you consider that they are borne out in ordinary practice ? Give 
your reasons. 


February^ 1917 . 


STRENGTH AND ELASTICITY OF MATERIALS. 

Not fnore than eight questions to be attempted by any Candidate, 

1. Define the coefficients of elasticity and rigidity, and explain by means 
of a sketch the difference between the “elastic limit*' and the “yield 
point “ of a steel specimen tested in tension. 

2. Indicate by a sketch how cubes of Portland cement mortar would 
be likely to fall under direct pressure, and explain the nature of the stresses 
that would come into play in causing the rupture. 

3. Describe mechanism by means of which a testing machine can be 
caused to draw the stress-strain diagram of a specimen under test. 

4. Draw approximately the stress-strain diagram for a round mild-steel 
bar O 'S inch diameter and 10 inches long ruptured in tension, if the extension 
before breaking occurs is 26 per cent, of its original length, and the modulus 
of elasticity is 13,000 tons per square inch. Show how to calculate the 
work done in breaking the bar. 

6. A wrought-iron bar is 30 inches long and has a cross-sectional area 
of 0*93 square inch ; if the extension under a load of 8 tons is 0*021 inch, 
find its modulus of elasticity. 

6. Mention the chief points that it is desirable to specify with respect 
to the quality of the metal for large cast-iron pipes. 

7. Explain the nature of the stress that comes into play when a spiral 
spriig is extended. The diameter of the wire forming a spiral spring of 
29 coils is 0*26 inch ; the outside diameter of the spring is 2J inches. If a 
weight of 60 lbs. is hung on the spring, calculate the extension of the spring, 
given that 

, . 2Wa»f 

the extension *= ^ . t 

TT L 

where W is the weight applied in lbs., C is the modulus of rigidity = 6,000 
tons per square inch, a, I, and r are respectively the mean radius of the 
coil, the length of wire in the spring and the radius of the wire, all in inches. 

8. A steel member is 12 feet long and has its ends fixed so that it is unable 
to alter in length. If the member is subject to a range of temperature of 
40° F. above or below the mean, and the coefficient of expansion of the 
steel is 0*0000066 per degree Fahr., find the maximum stress induced in 
the member due to the range of temperature above or below its mean 
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value, given that the modulus of elasticity of the steel is 13,000 tons per 
square inch. 

9. A steel water-pipe 24 inches diameter has to resist the pressure due 
to a head of 400 feet of water ; what thickness should it be made if the 
working intensity of pressure in the metal is to be 5 tons per square inch 
after the pipe has lost inch of its thickness, due to corrosion ? 

10. Define “ modulus of section.** If the bending moment at the centre 
of a beam symmetrical about its neutral axis and uniformly loaded is 
26 tons feet, the moment of inertia of the cross-section there is 315 inches*, 
and the depth between the centres of the flanges 12 inches, what is the 
intensity of stress in the flanges at this section ? 

11. A steel girder 40 feet long carries a uniformly distributed load. If 

the deflection is not to exceed part of its length, find the maximum 

ratio of span to depth at the centre that can be permitted if / the stress in 
the flange at the centre is to be limited to 6 tons, given that 

5 L* X / 

The deflection at the centra in feet = — x , , 

24 D X E 

where L and D are respectively the length and depth at centre of the girder 
in feet, and E is the modulus of elasticity ~ 13,000 tons per square inch. 

12. What are the chief tests that Portland cement is required to stand 
by the British standard specification I 


17 
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THE CENTIMETRE, CRAMMK, SECOND, OR C.G.S. SYSTEM OF 
UNITS OF MEASUREMENT AND THEIR DEFINITIONvS.* 

I. Fundamental Units.— The C.G.S. and the practical electrical 
units are derived from the following mechanical units : — 

The Centimetre as a unit of length ; the Gramme as a unit of mass ; and 
the Second as a unit of time. 

The Centimetre (cm.) is equal to 0*3937 inch in length, and nominally 

represents one thousand-millionth part, or ^ » of a quadrant 

^ 1 , 000 . 000,000 ^ 

of the earth. 

The Gramme (gm.) is equal to 15*432 grains, and represents the mass of 
a cubic centimetre of water at 4° C. Also, I lb. of 16 ozs. is equal to 453*6 
grammes. Maes (M) is the quantity of matter in a body. 

The Second {a) is the time of one swing of a pendulum making 86,164*09 
swings in a sidereal day, or the — - part of a mean solar day, 

II. Derived Mechanical Units.— 

Area (A or cm.'-*). — The unit of area is the aquare centimetre. 

Volume (V or cm.*). — The unit of volume is the cubic centimetre. 

Velocity {v or cra./s) is rate of change of position. It involves the idea 
of direction as well as that of magnitude. Velocity is uniform when equal 
distances are traversed in equal intervals of time. The unit of velocity is 
the velocity of a body which moves through unit distance in unit time, or 
the velociiy of one centimetre per second. 

Momentum (M v, or gm. x cm./s) is the quantity of motion in a body, and 
is measured by mass x velocity. 

Acceleration {a or cm./s^) is the rate of change of velocity, whether that 
change takes place in the direction of motion or not. The unit of accelera- 
tion is the acceleration of a body which undergoes unit change of velocity 
in unit time, or an acceleration of one centimetre per second per second. 
The acceleration due to gravity is considerably greater than this, for the 
velocity imparted by gravity to falling bodies in one second is about 981 
centimetres per second (or about 32*2 feet per second). The value differs 
slightly in different latitudes. At Greenwich the value of the acceleration 
due to gravity is ^ = 981*17 ; at the Equator, g = 978*1 ; and at the North 
Pole, g = 983*1. 


* The Author is indebted to his Publishers, Charles Griffin & Co. , for 
liberty to abstract the following pages on this subject from the latest 
edition of Munro and Jamieson’s Pocket- Booh of Electrical Rules and 
Tables f<yr Engineers and Electricians^ to which the student is referred for 
further values and definitions. — A. J. 
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Force (F or /) is that which tends to alter a body’s natural state of rest 
or nniforzn motion in a straight line. 

Force is measured by the rate of change of momentum which it produces, 
or mass x acceleration. 

The Unit of Force, or Dyne, is that force which, acting for one second on 
a mass of one gramme, gives to it a velocity of one centimetre per second. 
The force with which the earth attracts any mass is usually called the 
“ weight ” of that mass, and its value obviously differs at different points 
of the earth’s surface. The force with which a body gravitates — i.e,, its 
weight (in dynes), is found by multiplying its mass (in grammes) by the 
value of g at the particular place where the force is exerted. 

Work is the product of a force and the distance through which it acts. 
The unit of work is the work done in overcoming unit force through unit 
distance— i.e., in pushing a body through a distance of one centimetre 
a force of one dyne. It is called the Erg. Since the “weight” of 
1 gramme is 1 x 981 or 981 dynes, the work of raising 1 gramme through 
the height of 1 centimetre against the force of gravity Is 981 ergs or g ergs. 
One kilogramme- metre = 100,000 (g) ergs. One foot-pound = 13,825 (g) 
ergs = 1 ‘356 x 10^ ergs. 

Energy is that property which, possessed by a body, gives it the capa- 
bility of doing work. Kinetic energy is the work a body can do in virtue 
of its motion. Potential energy is the work a body can do in virtue of its 
position. The unit of energy is the Erg. 

Power or Activity is the rate of working. The unit is called the Watt 
(W) = 10^ ergs per second, or the work done at the rate of 1 Jovk (J) per 
second. 

One Horse power (H.P.) = 33,000 ft. -lbs. per minute = 650 ft. -lbs. per 
second; but, as seen above under Work, 1 ft. -lb. = l'350x 10^ ergs, and, 
under Power. I Watt = 10^ ergs per second. 

Hence, a Horn-power = 550 x 1-356 x 10^ ergs per sec. = 746 watU. 

If E = volts, C = ampere.s, and R = ohms, 

“ 746 ~ 746 “ 746 R‘ 


then. 


H.P. 
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PRACTICAL ELECTRICAL UNITS. 

1. As a Unit of Resistance (R), the International Ohm (0 or a>). 
which is based upon the ohm equal to 10® units of resistance of the C.G.S. 
system of electro-magnetic units, and is represented by the resistance 
offered to an unvarying electric current by a column of mercury at the 
temperature of melting ice, 14 '4521 grammes in mass, of a constant cross- 
sectional area and of the length of 106*3 centimetres. 

2. As a Unit of Current (C or c), the International Ampere (A), 
which is one-tenth of the unit of current of the C.G.S. system of electro- 
magnetic units, and which is represented sufficiently well for practical use 
by the unvarying current which, when passed through a solution of nitrate 
of silver in water, and in accordance with their specifications, deposits 
silver at the rate of 0*001118 gramme per second. 

3. As a Unit of Electro-motive Force (K), the International Volt 

(V), which is the E.M.F. that, steadily applied to a conductor whose 
resistance is one International Ohm, will produce a current of one Inter- 
national Ampere, and which is represented sufficiently well for practical 
use by of the E.M.F. between the poles or electrodes of the voltaic 

cell known as Clark’s cell, at a temperature of 15® Centigrade, and pre- 
pared in the manner described in their specification, or by the new 
Weston cell 

4. As the Unit of Quantity (Q), the International Coulomb (A x s), 
which is the quantity of electricity transferred by a current of one Inter- 
national Ampere in one second. 

5. As the Unit of Capacity (K), the International Farad (Fd), 
which is the capacity of a conductor charged to a potential of one 
International Volt by one International Coulomb of electricity. 

6. As a Unit of Work the Joule (J), or Watt-second (Wp x s), 
which is 10^ units of work in the C.G.S. system, and which is represented 
sufficiently well for practical use by the energy expended in one second in 
heating an International Ohm. 

7. As the Unit of Power (Pw), the International Watt (Wp), which 
is equal to 10^ units of power in the C.G.S. system, and which is repre- 
sented sufficiently well for practical use by the work done at the rate of 
one Joule per second. The Kilowatt (Kw.) = 1,000 Watts = 1^ Horse- 
power. 

8. As the Unit of Induction (L), the Henry (H), which is the 
induction in the circuit when the E.M.F. induced in this circuit is one 
International Volt while the inducing current varies at the rate of one 
ampere per second. 

9. The Board of Trade Commercial Unit of Work (B.T.U.) is 
the Kilowatt-hour (Kw hr.) = 1,000 Watt-hours = IJ H.P. working for 
one hour. Or, say, 10 amperes flowing in a circuit for 1 hour at a pressure 
of 100 volts. 

Note. —For further simple explanations, with examples, see the latest 
edition of Prof. Jamieson’s Manual of Practical Magnet%em and Electricity* 
Also, see the latest edition of Munro and Jamieson’s Electrical Engiree^'ing 
Pocket- Book— both published by Charles Griffin A Co., London. 
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BRITISH STANDARD SECTIONS.* (See Fig.) 
PROPERTIES OF BRITISH STANDARD I BEAMS. 


Size. 

H. B. 

wt. 

per 

Foot. 

Thickness. 

Sectional 

Area. 

Moments of 
Inertia. 

Section 

1 Moduli. 

Kadii of 
Gyration. 

t. 

T. 

XX 

YY 

XX 

YY 

XX. 

YY. 

Inches. 

Lb. 

Ins. 

Ins. 

Sq. Ins 

Ins. 

Ins. 

Ins. 

Ins. 



S 

X 

1* 

4 

•16 

•248 

1-18 

1-66 

•124 

1-11 

•166 

1-19 

•325 

8 

X 

3 

8J 

•20 

•332 

2-50 

3-79 

1-16 

2-53 

•841 

1-23 

•710 

4 

X 

1} 

6 

•17 

•240 

1*47 

3-67 

•194 

1-84 

•222 

1-68 

•363 

4 

X 

3 

Of 

•22 

•336 


7-63 

1-28 

3-76 

•854 

1-64 

•677 

4|X 

If 

0i 

•18 

•323 


6-77 

•263 

2-85 

•300 

1-88 

•371 

6 

X 

3 

11 

•22 

•376 


13-6 

1*46 

5-45 

•974 

205 

•672 

6 

X 


18 

•29 

•448 

5-29 

22-7 

5-66 

9-08 

2-51 

2-07 

1*03 

6 

X 

3 

12 

•26 

•348 

3-53 

20-2 

1*34 

6-74 

•892 

2-40 

•616 

6 

X 


20 

•37 

•431 

5-88 

34-7 

6-41 

11-6 


2-43 

■ml 

6 

X 

5 

25 

•41 


7-36 

43-6 

9*11 

14-6 

3-64 

2-44 

1-11 

7 

X 

4 

16 

•25 

•387 

4*^ 

39-2 

3-41 

11-2 

1-71 

2-89 

•851 

8 

X 

4 

18 

•28 


5-30 

66^7 

3-67 

13^9 

1^79 

3-24 

•821 

8 

X 

5 

28 

•36 

•575 

8-24 

89-4 

10-3 

22-3 

HUS 

3-29 

1^12 

8 

X 

6 

35 

•44 

•597 

10-3 

111 

17-9 

27*6 

5-98 

3-28 

1-32 

9 

X 

4 

21 

•30 

•460 

6-18 

81-1 

4-20 

18-0 

2-10 

3*62 

•824 

9 

X 

7 

68 

•55 

•924 

17-1 

230 

46-3 

61-1 

13-2 

3-67 

1-65 

10 

X 

5 

30 

•36 

•562 

8-82 

146 

9-78 

29-1 

3-91 

4-06 

ffial 

10 

X 

6 

42 

•40 

•736 

12-4 

212 

22-9 

42*3 

7-64 

4-14 

1-36 

10 

X 

8 

70 

•60 

•970 

20-6 

346 

71-6 

09-0 

17-9 

4-09 

1-87 

12 

X 

5 

82 

•36 

•650 

9-41 

220 

9-74 

36-7 

3-90 

4-84 

I6MI 

12 

X 

6 

44 

•40 

•717 

12-9 

316 

22-3 

62-6 

7-42 

4-94 

1-31 

12 

X 

6 

54 

•50 

•883 

15-9 

376 

28-3 

62-6 

9-43 

4-86 

1-33 

14 

X 

6 

46 

•40 

•698 

13-6 

441 

21-6 

62-9 


5-71 

1-26 

14 

X 

6 

67 

•50 

•873 

16-8 

653 

27^9 

76-2 

9-31 

5-64 

1-29 

15 

X 

5 

42 

•42 

•647 

12-4 

428 

11-9 

67-1 

4*78 

6-89 

•983 

15 

X 

6 

69 

•60 

•880 

17-3 

629 

28-2 

83-9 

mEm 

6-02 

1-28 

16 

X 

6 

62 

•66 

•847 

18-2 

726 

27-1 

90-7 

9-02 

6-31 

1-22 

18 

X 

7 

76 

•65 

•928 

22-1 

1160 

46-6 

128 

13-3 

7-22 

1-46 

20 

X 

n 

89 

•60 

1-01 

26-2 

1671 

62-6 

167 

16-7 

7-99 

1-66 

24 

X 

n 

100 

•60 


29-4 

2656 

66-9 

221 

17-8 

9-60 

1-61 


• Published by permission of the Engineering Standards Committee. The Tables of 
British Standard x Beams, Channels, and Zed Bars arc reprinted from Report No. 6 as 
issued by the Committee Additional calculations have been inserted in the Tables of 
British Standards Unequal Angles, Equal Angles, and Tee Bars for thicknesses other 
than those calculated by the Committee, such calculations having been taken by permission 
from the Pockii Companion issued by Messrs. Dorman, Long & Co., Ltd. 
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PROPERTIES OF BRITISH STANDARD CHANNELS. 


Size. 

A X B. 

Standard 

Thicknesses 

Wt. 

per 

Foot. 

Area. 

Dimension 

P. 

Moments of 
Inertia. 

Section 

Moduli. 

Radii of 
Gyration. 

t. 

T. 

About 

XX. 

About 

yy. 

About 

XX. 

About 

YY. 

About 

XX. 

About 
Y V. 

Ins. 

r&B. 

Ins. 

Lbs. 

.Sq. Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

15x4 

•52.5 

•630 

41-04 

12-334 

•935 

377-0 

14-55 

50-27 

4-748 

5-53 

1-09 

12x4 

•625 

•626 

36-47 

10-727 

1-031 

218-2 

13-65 

36-36 

4-. 599 

4-51 

1-13 

12x34 

•600 

•600 

32-88 

9-671 

•867 

190-7 

8-922 

31-79 

3-389 

4-44 

•960 

12X31 

•376 

•500 

26-10 

7-675 

•860 

158-6 

7-572 

26-44 

2-868 

4-55 

•993 

llxSi 

•475 

•676 

29-82 

8-771 

•896 

148-6 

8-421 

27-02 

3-234 

4-12 

•980 

10x4 

•475 

•676 

30-16 

8-871 

1-102 

130*7 

12-02 

26-14 

4-147 

3-84 

1-16 

10x8| 

•475 

•575 

28-21 

8-296 

•933 

117-9 

8-194 

23-59 

3*192 

3-77 

-994 

10x34 

•375 

•600 

23-65 

6-925 

•933 

102-6 

7-187 

20-52 

2-800 

3-85 

1-02 

0x3} 

•450 

•650 

25-39 

7-469 

•971 

88-07 

7-660 

19-57 

3-029 

3-43 

1-01 

0x3^ 

•376. 

•500 

22-27 

6-550 

•976 

79-90 

6-963 

17-76 

2-759 

3-49 

1-03 

8x3 

•375 

•437 

19-37 

6-696 

•754 

65-18 

4-021 

14-48 

1-790 

3-88 

•840 

8X3} 

•426 

•525 1 

22-72 

6-682 

1*011 

63-76 

7-067 

15-94 

2-839 

3-09 

1-03 

8x3 

•375 

•600 

19-80 

6-675 

•844 

53*43 

4-329 

13-36 

2-008 

3-07 

•873 

7x3} 

•400 

•600 

20-23 

5-950 

1*061 

44*55 

6-498 

12-73 

2-664 

2-74 

1-04 

7x3 

•375 

•475 

17-56 

5-166 

•874 

37-63 

4-017 

10-75 

1-889 

2-70 

•882 

6x3} 

•376 

•475 

17-9 

6-266 

1*119 

29-66 j 

5-907 

9-885 

2-481 

2-36 

1-06 

6x3 

•312 

•437 

14*49 

4-261 

•938 

24-01 

3-503 

8-003 

j 1-699 

2*37 

j *907 


PROPERTIES OF BRITISH STANDARD ZED BARS. 


Size. 

AxB. 

Standard 

Thicknesses. 

Area. 

Wt. 

per 

IToot. 

Moments of 
Inertia. 

Section 

Moduli. 

Angle a in 
degrees. 

Least Radius 
of Gyration. 

t. 

T. 

About 

XX. 

About 

YY. 

About 

XX. 

About 

YY. 

Ins. 

Ins. 

Ins. 

Sq. Ins 

Lbs. 

Ins. 

Ins. 

Ins. 

Ins. 


Ins. 

10 X 3| 

•476 

•576 

8-283 

28-16 

117-865 

12-876 

23-673 

3-947 

14 

•839 

0 X 8| 

•450 

•650 

7-449 

25*33 

87-889 

12-418 

19-531 

8-792 

16J 

•843 

8 X 3| 

•426 

•526 

6-670 

22-68 

63-729 

12-024 

15-932 

3*667 

19} 

•845 

7 X 

•400 

•600 

6-048 

20-22 

44-609 

11'618 

12*745 1 

1 

3-621 ! 

28 

•840 

6 X 8| 

•876 

•476 

6-268 

17-88 

20-060 

11*134 

9-887 i 3-361 

28} 

•821 

S X 3 

•350 

•450 

4-169 

14-17 

16*146 

6-578 

6-458 

2-328 

29} 

•608 





APPENDIX. 

PROPERTIES OF BRITISH STANDARD UNEQUAL ANGLES. 
I L.„ |Dlmen.lon^ I - I » 



Ins. 

7 x3|x i 
7 x3ix I 
7 x3ix f 
6Ix4ix k 
6ix4ix I 
6Jx4ix i 
0|x8ix t 
6ix3ix \ 
6|X3^X I 
6 X4 X i 
6 X4 X I 
0 X4 X I 
6 X3ix i 
6 X3|X k 
6 X3ix I 
6^x3^x f 
5ix3^X i 
5|x3ix f 
5|x3 X f 
6ix3 X } 
6ix8 X I 
6 X4 X f 
5 X4 X I 

5 X4 X I 

6 X3IX I 

6 xSix 4 

6 X 3i X I 

6 x3 xA 
6 X8 X I 
5 x3 X I 
5 x3 X I 


Sq.Ins Lbs. | Ins. 
6-0 17-00 j 2-50 

6- 172 20-98 2-66 

7- 313 24-86 2-60 
6-248 17-84 2-08 

6- 482 22-04 2-13 

7- 686 26-13 2-18 

3- 610 12-27 2-22 

4- 760 16-16 2-28 
6-860 19-92 2-33 

3- 610 12-27 1-91 

4- 760 16-15 1-96 

5- 860 19-92 2-02 

3- 424 11-64 2-01 

4- 602 16-31 2-06 

6- 649 18-87 2-11 

3- 236 11-00 1-80 

4- 262 14-46 1-86 

5- 236 17-80 1-90 

3- 060 10-37 1-90 

4- 008 13-61 1-95 
4-926 16-74 2-00 

3- 236 11-00 1-61 

4- 252 14-46 1-66 

6- 236 17-80 1-60 

3- 050 10-37 1-59 

4- 003 13-61 1-64 

4-926 16-74 1-69 | 
2-402 8-17 1-66 

2- 859 9*72 1-68 

3- 749 12-76 1-73 

4- 609 16-67 1-78 


About About 
XX. YY. 


30- 55 
35-68 
22-2 

27-09 10-60 6-20 

31- 66 X2-32 7-33 

16-7 3-27 3-67 

20-4 4-20 


5-58 

1-56 

6-86 

1-92 

8-11 

6-02 

2-26 

2-67 

6-20 

3-16 

7-33 

3-72 

3-67 

1-18 



14* 

-74 

14* 

•74 


16* 

•76 

16* 

•76 


26* 

•76 

26* 

•76 
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UNKQUAL AMGLbliS {continued). 


Size and 

Area. 

Wt. 

per 

Foot. 

Dimensions. 

Moments of 
Inertia. 

Section 

Moduli. 

Angle a in 
degrees. 

Least Radius; 
of Gyration.} 

ThicknesF* 

J. 

P. 

About 

XX. 

About 

YY. 

About 

XX. 

About 

YY. 

Ins. 

Sq. Ins 

Lbs. 

Ins. 

Ins. 

Ins.* 

Ins. 

Ins. 

Ins. 


Ins 

4Jx3ixA 

2-402 

8-17 

1«36 

•866 

4^22 

2-55 

1-54 

•97 

80i 

•74 

4ix3|x f 

2-859 

9-72 

1-39 

•891 

6-69 

3-00 

1-83 

1-15 

30i 

•74 

4ix3ix \ 

3-749 

12-76 

1-44 

•940 

7-31 

3-84 

2-39 

1-5 

30 

•74 

4}x8|x 1 

4-609 

16-67 

1-48 

-987 

8-81 

4-61 

2-92 

1-83 

30 

•74 

4 X3JXA 

2-246 

7-64 

1-16 

•916 

3-46 

2-47 

1-22 

•96 

87 

•72 

4 XS^X I 

2-671 

9-08 

1-19 

-941 

4-08 

2-90 

1-45 

1-13 

37 

•72 

4 X3^X i 

3-499 

11-90 

1-24 

•990 

5-23 

8-71 

1-89 

1-48 

37 

•71 

4 x31x 1 

4-295 

14-61 

1-28 

1-04 

6-28 

4-44 

2-31 

1-80 

36} 

•71 

4 X3 XA 

2-091 

7-11 

1-24 

•746 

3-31 

1-59 

1-20 

•71 

28} 

•64 

4 x8 X I 

2-486 

8-46 

1-27 

•771 

3-89 

1-87 

1-42 

•84 

28} 

•64 

4 x3 X I 

3-251 

11-05 

1-31 

•819 

4-98 

2-37 

1-85 

1-09 

28} 

•63 

x 

ee 

X 

3-986 

13-65 

1-36 

•865 

6-96 

2-83 

2-26 

1-33 

28 

•63 

3ix3 xA 

1-934 

6-68 

1-04 

•792 

2-27 

1-53 

-92 

‘69 

85} 

•62 

3|X3 X f 

2-298 

7-81 

1-07 

•819 

2-67 

1-80 

1-10 

•83 

35} 

-62 

3^X3 X i 

3-001 

10-20 

1-11 

•867 

3-40 

2-28 

1-42 

1-07 

35} 

•61 

3^X3 X i 

3-673 

12-49 

1-16 

•912 

4-05 

2-71 

1-73 

1-30 

35 

•61 

3*x2ixA 

1-799 

6-05 

1-12 

•627 

2-15 

•910 

•90 

•49 

26} 

•64 

34x2ix f 

2-111 

7-18 

1-16 

•662 

2-52 

1-06 

1-07 

•67 

26 

•63 

3|x2|x k 

2-762 

9-36 

1-20 

•699 

3-20 

1-84 

1-39 

•74 

26 

•53 

3 x2Jx i 

1-312 

4-46 

•895 

•648 

1-14 

•716 

•54 

•39 

34 

•52 

3 x2ix I 

1-921 

6-63 

•945 

•697 

1 

1-62 

1-02 

•79 

•67 

34 

•62 

3 x2ix i 

2-499 

1 8-60 

•992 

•744 1 

2-05 

1-28 

1 1-02 

•73 

33} 

•52 

3 x2 X i 

1-187 

4-04 

-976 

•482 j 

1-06 

•373 

•62 

•26 

23} 

•43 

3 X2 X f 

1-733 

6-89 

; 1-03 

•632 

1-50 

•625 

•76 

•36 

23 

•42 

8 X2 X 1 

2-249 

7-65 

1-07 

•578 

1-89 

•666 

•98 

•46 

22} 

•42 

2ix2 X i 

1-063 

1 3-61 

•774 

•627 

•636 

•359 

•37 

•24 

32 

•42 

24 x 2 xA 

1-309 

4-45 

•799 

•562 

•770 

•433 

•46 

•30 

81} 

•42 

24x2 X f 

1-647 

6-26 

•823 

•576 

•895 

• 502 

•68 

•36 

31} 

•42 

2 xlixA 

•622 

2-11 

1 *627 

•381 

•240 

•116 

•17 

•10 

28} 

•32 

2 xl4x 4 

-814 

2-77 

•653 

•407 

•308 

•146 

•23 

•13 

28 

•31 

2 xi4xA 

1 -997 

3-39 

•678 

•431 

•369 

•174 

•28 

•16 

28 

•31 
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BRITISH STANDARD EQUAL ANGLES. 
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2G7 


BRITISH STANDARD TEES. 


Sizes. 

_ 

Area. 

Weij?ht 

per 

Poot. 

J. 

Moiueuts of 
Inertia. 

Section 

Moduli. 

Eadii of 
Gyration. | 

1 

XX. 

YY. 

XX. 

YY. 

XX. 

rv. 


Ins. 

S(i. Ins. 

I1)S. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 1 

6 

X4 

X f 

3-634 

12-36 

•915 

4-70 

6-34 

1-52 

2-11 

M4 

1-32 

6 

X4 

X 'h 

4-771 

16-22 

•968 

6-07 

8-62 

2-00 

2-87 

1-13 

1-34 

6 

X4 

X i 

5-878 

19-99 

1-02 

7-35 

10-91 

2-47 

3-64 

1*12 

1-36 

0 

X3 

X ^ 

3-260 

11-08 

•633 

2-06 

6-39 

•87 

2-13 

•795 

1-40 

0 

x3 


4-272 

14-53 

•684 

2-63 

8-65 

1-14 

2-88 

•785 

1-42 

6 

X3 

X i 

5-256 

17-87 

-732 

3-14 

10-94 

1-39 

3-65 

•773 

1-44 

5 

X4 

X s 

3-257 

11-07 

•998 

4-47 

3-69 

1-49 

1-48 

1-17 

1-06 

5 

X4 

X i 

4-268 

14-51 

1-05 

5-77 

5-02 

1-96 

2-01 

1-16 

1-08 

5 

X3 


2-875 

9-78 

•691 

1-97 

3-71 

•85 

1-49 

•828 

1-14 

5 

X3 

X i 

3-762 

12-79 

•741 

2-i»2 

5-03 

1-11 

2-01 

•818 

1-16 

4 

X4 

X f 

2-872 

9-77 

1-11 

4-19 

1-90 

1-45 

•95 

1-21 

•814 

4 

X4 

X i 

3-768 

12-78 

1-16 

5-40 

2-59 

1'9() 

1-29 

1-20 

•830 

4 

X3 

X t 

2-498 

8-49 

•767 

1-86 

1-91 

•83 

•96 

•863 

•875 

4 

X3 

X i 

3-262 

11-08 

•816 

2-36 

2-60 

1-08 

1-30 

•851 

•893 

f 

2-496 

8-49 

•98 

2-79 

1-28 

1-10 

•73 

1-05 

•717 

3JX3AX h 

3-259 

11-08 

1-04 

3-54 

1-75 

1-44 

1-00 

1-04 

•733 

3 

X 3 

X 5 

2-121 

7-21 

•868 

1-70 

•816 

•80 

•54 

•897 

•620 

3 

X3 

X h 

2-760 

9-38 

•918 

2-16 

1-11 

1-04 

•74 

•386 

•636 

3 

X 2i X S 

1-929 

6-56 

•695 

1-01 

•814 

•56 

•45 

•725 

•650 

3 

x2ix h 

2-506 

8-52 

•742 1 

1-28 

1-28 ' 

•73 

•74 

•713 

•665 

2ix2ix t 

1-197 
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EXAMINATION TABLES. 

USEFUL CONSTANTS. 

1 iDoh s 25*4 millimetres. 

1 Gallon = *1605 oubie foot = 10 lbs. of water at 62* F. . * . 1 lb. s 01606 
cubic foot. 

1 Knot = 6080 feet per hour. 1 Naut =: 6080 feet. 

Weight of 1 lb. in London = 446,000 dynes. 

One pound avoirdupois = 7000 grains = 453*6 grammes. 

1 Cubic foot of water weighs 62 *3 lbs. 

1 Cubic foot of air at 0* C. and 1 atmosphere, weighs *0807 lb. 

1 Cubic foot of Hydrogen at 0* C. and 1 atmosphere, weighs *00557 lb. 

1 Foot-pound =s 1*3662 x 10^ ergs. 

1 Horse-power-hour = 33000 x 60 foot-pounds. 

1 Electrical unit = 1000 watt-hours. 

T> Ti : 1 774 ft.-lbs. =r 1 Fah. unit 

Joule’s Equivalent to suit Regnault s H, is | ^ ^ ^ 

1 Horse-power = 33000 foot-pounds per minute = 746 watts. 

Volts X amperes =s watts. 

1 Atmosphere = 14*7 lb. per square inch = 2116 lbs. per square foot = 
760 m.m. of mercury = 10* dynes per sq. cm. nearly. 

A Column of water 3*8 feet high corresponds to a pressure of 1 lb. per 
square inch. 

Absolute temp., t * 6* 0. -I- 273* 7. 

Begnault’s H = 606*6 + *305 e* 0 * 1082 + *305 0* F. 

p u ^ = 479 

^ B C 

log i.J» =61007 

where log = 3*1812, log ,,0 =s 5*0871, 

p is in pounds per square inch, t is absolute temperature Centigrade 
u is the volume in cubic feet per pound of steam. 

ir s 3-1416 = y =1^ = 10( - J2). 

One radian 57*3 degrees. 

To convert common into Napierian logarithms, multiply by 2*302K 
The base of the Napierian logarithm is e 2*7183. 

The value of p at London - 32*182 feet per second per second. 
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